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e n t i t l e d  "Superconducting Compounds and Alloys Research." This investiga- 

t i on  dea ls  with the e l e c t r i c a l  and superconducting proper t ies  of Indium- 

Bismuth a l l oys  and the  shock-wave synthes i s  of t he  superconducting compound 

Nb3Sn. Phase B of t h i s  contract  inves t iga tes  t he  proper t ies  of low-gravity 

processed immiscible a l loys.  
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is the  technical  monitor of the  contract.  



ACRIOWLEDGMENTS 

We would l ike  t o  thank Dr. L. L. Lacy and Dr. E. W. Urban for their 

helpful coments and enlightening discussions during the course of t h i s  

investigation. The equipment and materials for the performance of the 

measurements were kindly supplied by the Space Sciences Laboratory of 

the Marshall Space Flight Center. 



ABSTRACT 

Resist  i v i t y  measurements as  a funct ion of temperature were per- 

formed on a l l oys  of t he  binary mater ia l  system Inl,xBix f o r  x vary- 

i ng  between 0 and 1. It was found tha t  f o r  a l l  single-phase a l l oys  

(1.e. the  pure elements, a-In, and the  th ree  i n t e rme ta l l i c  compounds) 

a t  temperatures s u f f i c i e n t l y  above t h e  Debye-temperature, the  r e s i s t i v i t y  

p can be expressed a s  P = a,~", where a. and n a r e  composition- 

dependent constants.  The same exponential  r e l a t i onsh ip  can a l s o  be  

applied fo r  t he  sub-system In-InpBi, when the  two phases a r e  i n  composi- 

t i o n a l  equilibrium. 

Due t o  t he  temperature dependent s o l u b i l i t y  of bismuth i n  indium, t he  

r e l a t i v e  composition of a e u t e c t i c  mater ia l  changes with temperature, 

giving rise t o  a time-dependent r e s i s t i v i t y  when quenched from one equi- 

l ibrium temperature t o  another temperature. For such behavior, t h e  

f r a c t i o n a l  change i n  r e s i s t i v i t y  can be expressed as a function of time 

t ,  with t he  r e l a t i o n  A P = 1 - exp(-btm) where b and m a r e  composi- 

t i o n  and temperature-dependent parameters. From these  r e s i s t i v i t y  measure- 

ments, an ac t i va t ion  energy f o r  the  d i f fu s ion  of B i  i n  In  of 0.7 eV/atom 

is calculated. It was es tab l i shed  t h a t  even a t  -79.5 " C  t he  e u t e c t i c  

mater ia l  tends t o  achieve i ts equi l ibr ium composition over a very long 

period of time. 

The decomposition of supersaturated a-In at var ious temperatures 

was s tudied by t h e  same technique. The time-dependent change i n  resis- 

t i v i t y  can be associated with t h e  nucleat ion and growth of In2Bi p a r t i c l e s .  

Superconductivity measurements on s i n g l e  and two -phase a l l oys  can be 

explained with respect  t o  the  phase diagram. There occur t h r ee  super- 

conducting phases (a-In, In2Bi, and In5Big) with d i f f e r e n t  t r a n s i t i o n  tempera- 

t u r e s  i n  t he  a l loy ing  system. The magnitude of t he  t r a n s i t i o n  temperatures 

f o r  the  various i n t e rme ta l l i c  phases of In-Bi is such t h a t  t he  disappearance 

o r  occurrence of a phase i n  two component a l l oys  can be demonstrated e a s i l y  

by means of superconductivity measurements. 



The density of In-Bi al loys a t  rorSln temperature was measured by the  

buoyancy technique. With increasing Bi-concentration i n  the  al loys,  the  

density increases smoothly between the values fo r  the terminal elements. 

No maxima occur a t  any of the compositions which correspond t o  the inter- 

metal l ic  compounds. For InBi, a r e l a t i v e  decrease i n  spec i f i c  volume by 

2.9% is found. The experimental density data f o r  Bi-concentrations up t o  

SO at.% may be expressed i n  an additive fashion by a t t r ibu t ing  a mean 
O 3 atomic volume of 33.8 A t o  the bismuth atom. This value corresponds t o  

a density tha t  B i  would have a t  room temperature i n  i ts  l iquid  s t a t e .  
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This  s tudy of indium-bismuth a l l o y s  was i n i t i a t e d  by a request  

f o r  an e l e c t r i c a l  measuring technique t o  c h a r a c t e r i z e  one of t h e  

samples obtained from the  Apollo 14 Composite Cast ing Demonst r a t  i o n s  [ I ] .  

The law-gravity processed m a t e r i a l  cons i s t ed  o f  an In-Bi e u t e c t i c  ma t r ix  i n  

which smal l  tungsten spheres  were d ispersed.  The experiment had t h e  

o b j e c t i v e  of observing t h e  e f f e c t  of g r a v i t y  on t h e  d i s t r i b u t i o n  of 

high-density p a r t i c l e s  ( tungsten)  i n  a l a s 4 e n s i t y  mat r ix  (In-Bi e u t e c t i c ) ,  

r~!~en t h e  mat r ix  was melted and s o l i d i f i e d  under both  zero-gravi ty  [ I ]  and 

one-g condi t ions .  S i g n i f i c a n t  segrega t ion  of tungsten p a r t i c l e s  was 

found when t h e  mat r ix  was melted under one-gravity;  whereas i n  t h e  

f l i g h t  sample, a more homogeneous p a r t i c l e  d i s t r i b u t i o n  was observed [ 2 ] .  

The goa l  of t h e  p resen t  i n v e s t i g a t i o n  [ 'as t o  e v a l u a t e  bo th  t h e  

f l i g h t  and ground sample i n  r espec t  t o  t h e  homogeneity of p a r t i c l e  d is-  

t r i b u t i o n  by r e s i s t i v i t y  measurements. An o p t i c a l  p a r t i c l e  count on t h e  

outer-surface  of t h e  specimens had a l ready  been undertaken. S ince  t h e  

samples can be considered a macroscopic composite m a t e r i a l  c o n s i s t i n g  

of t h e  two components In-Bi and W ,  t h e  method of measuring t h e  l o c a l  

e l e c t r i c a l  r e s i s t i v i t y  was chosen t o  eva lua te  t h e  homogeneity (ui . iformity) 

of t h e  p a r t i c l e  d i s t r i b u t i o n .  The technique ;s  based on t h e  p r i n c i p l e  

t h a t  a homogeneous m a t e r i a l  wi th  uniform c ross - sec t ion  h a s  a cons tan t  

l o c a l  e l e c t r i c a l  r e s i s t i v i t y  independent c f  t h e  sampling l o c a t  ion.  Since  

t h e  r e s i s t i v i t y  of W and In-Bi e u t e c t i c  d i f f e r  considerably ,  a non- 

uniform tungsten d i s t r i b u t i o n  w i l l  be  r epresen ted  a s  a change i n  t h e  l o c a l  

r e s i s t i v i t y .  The r e s u l t s  of t h e s e  measurements a r e  d i scussed  i n  t h e  

f i r s t  s e c t i o n  of t h i s  r epor t .  

A t  t h e  f i n a l  s t a g e  of t h i s  i n v e s t i g a t i o n ,  t h e  accuracy (1%) of t h e  l o c a l  

r e s i s t i v i t y  measurements could no t  b e  improved any f u r t h e r  because of . L 

the  occurrence of  a continuous smal l  vo l t age  d r i f t .  The reason f o r  t h i s  

d r i f t  was found t o  b e  i n  t h e  In-Bi mat r ix  i t s e l f ,  whose r e s i s t i v i t y  was 

changing slowly f o r  s e v e r a l  hours  o r  even days a f t e r  t h e  m a t e r i a l  had expe- i. 
1 

r ienced a sudden bu t  smal l  change i n  its environmental  temperature.  Such 

an e f f e c t  had not  been repor ted  b e f o r e  and t h e  behavior  i s  q u i t e  unusual  

f o r  two-phase a l l o y s  a t  room temperature.  



A f u r t h e r  o b j e c t i v e  was t o  i n v e s t i g a t e  t h i s  t ime-dependent r e s i s -  

t i v i t y  on wire-shaped samples and t o  exp la in  t h e  e f f e c t  by assuming n 

tempel-atore-dependent change i n  composition [ 3 ] .  In o rde r  t o  b e t t e r  

understand the  s t a b i l i t y  of e u t e c t i c  m a t e r i a l s  and t o  exper imenta l ly  

study t h e  achievement of i sothermal  equ i l ib r ium composit ions,  an i n v e s t i -  

ga t ion of t h e  whole In-BI a l l o y  system was made. The r e s u l t s  a r e  given 

i n  the  second s e c t i o n  of t h e  repor t .  The In-Bi a l l o y s  r e p r e s e n t  a model 

substance ,  wi th  p r o p e r t i e s  common t o  o t h e r  systems. The knowledge gained 

can be used t o  c h a r a c t e r i z e  o t h e r  low-melting a l l o y s  l i k e  Ga-Bi o r  Pb-Zn i n  

respec t  t o  t h e i r  composit ional  and homogeneity s t a t u s .  The e l e c t r o n i c  

p r o p e r t i e s  of such materials a r e  of c u r r e n t  a c t i v e  i n t e r e s t  i n  t h e  space  

process ing program. 



I I, 1 QCAL RFSISTIVITY I N Y F S I ~  
1 BACKGROUND 

The sample obta ined from t h e  Apollo 14 Compojite , & s t i n g  Demon- 

s t r a t i o n  [ l ]  had t h e  form of a longi tudinal ly-cut  h a l f  cy l inder  wi th  a 

length  of 7.6 cm (3.0 inches)  and a diameter of 1.74 cm (0.685 inches) .  The 
2 cross-sect ional  a rea  was approximately 1.1 cm . The specimen cons i s ted  o r  

70 vo1.X of low dens i ty  In-Bi e u t e c t i c  matr ix  (d = 8.2 g/cm3) i n  which 30 vol.% 

Cu-coated tungsten spheres  (d = 19.3 g/cm3) wzre diapersed.  The copper coat- 

i n g  was used t o  improve t h e  we t t ing  condit ions.  The s i z e  of t h e  spheres  was 

44 um and l e s s .  This zero-gravity processed sample (NASA Code 1-F-B-00) 

could be compared v i t h  a ground-control sample (NASA Code 1-C-B-00) prepared 

under otherwise i d e n t i c a l  cond i t ions  on ea r th .  The specimens were l a b e l l e d  

a s  having a hot  and a cold end which r e f e r s  t o  t h e  p o s i t i o n s  i n  which t h e  

samples s o l i d i f i e d  i n  t h e  heat  s i n k .  

Generally,  t h e  r e s i s t i v i t y  of a homogeneous p o l y c r y s t a l l i n e  

m a t e r i a l  r e f e r r e d  t o  u n i t  length  and cross-sect ion is a constant ,  independent 

of t h e  l o c a t i o n  where t h e  r e s i s t i v i t y  is  measured. The r e s i s t i v i t y  of t h e  

two macroscopic components used f o r  t h e  composite m a t e r i a l  a r e  p l  = 34.5ufirrn 

f o r  In-Bi matr ix  [4] and c 2  = 5.65 ~Slcm f o r  bu lk  tungsten [S]. I f  a homo- 

geneous and uniform d i spers ion  of t h e  smal l  tungsten p a r t i c l e s  were achieved,  

t h e  r e s i s t i v i t y  of the  f l i g h t  sample and t h e  ground-control sample should be 

i d e n t i c a l  and be constant  f o r  d i f f e r e n t  s e c t i o n s  over  t h e  whole sample length .  

I f  a v a r i a t i o n  of t h e  p a r t f c l e  d i s t r i b u t i o n  occurred,  t h e  l o c a l  r e c i s t i v i t y  

should vary accordingly a t  t h a t  l o c a t i o n .  

2, EXPECTED R E S I S T I V I T Y  FOR COMPOSITE M A T E R I A L S  

The a c t u a l  r e s i s t i v i t y  of t h e  composite m a t e r i a l  can be approxi- 

mated by a model cons idera t ion  of t h e  following type.  Assuming a homoge- 

neous and uniform d i spers icn  of t h e  tungsten p a r t i c l e s  i n  t h e  e u t - c t i c  matr ix ,  

t h e  composite can be synthesized from a mul t i tude of u n i t  c e l l s .  Each u n i t  

c e l l  is thought t o  be  c o n s i s t i n g  of a cube, i n  t h e  c e n t e r  of which t h e  W-sphere 



is located. The appropriate dimensions of such a uni t  c e l l  a r e  given i n  

Fig. la .  I f  the r e s i s t i v i t y  of one uni t  c e l l  were known, the  r e s i s t i v i t y  

f o r  the composite would be the same a s  long a s  i t  i~ constructed by a three- 

dimensional e l e c t r i c a l  network of s e r i a l  and p a r a l l e l  r e s i s t o r s  161. 

The problem then reduces t o  corn;. . t ing the  composite r e s i s t i v i t y  of 

a un i t  c e l l  which has not ye t  been solved i n  closed form. However, a s imi l a r  

problem i a  e a s i l y  acc,essible when t ransf  ~rming the  sphere i n  a cube of equal 

volume [Fig. l b ] .  The composite res i s tance  of t h i s  configuration is com- 

posed of the res i s tance  of two s l i c e s  of e u t e c t i c  mater ia l  (R1) having a 

square cross sec t ion  and the  res i s tance  of t h e  tungsten cube (Rc) with the 

In-Bi sleeve (R8) which a r e  switched i n  p a r a l l e l .  According t o  the switching, 

the following r e l a t i o n  f o r  the r e s i s t m c e  (R) of a uni t  c e l l  appl ies  

A r e s i s t i v i t y  of p = 18.4 ~ S l c  ... is  calculated f o r  the composite mater ia l  

with the cubic configuration. This value is  accurate t 2  abotlt 10% and tc:.ds 

t o  increase s l i g h t l y  when the  spher ica l  conditions a r e  approached, as  we w i l l  

show l a t e r ,  The considerat icns do not cake i n t o  account any sca t t e r ing  o r  

i n t e r f ace  k i f e c t s  which may be expected f o r  p a r t i c l e s  i n  t he  micron range [ 7 ] .  

3 ,  EXPER IMENTAL RESULTS 

A sample holder as shown i n  Fig. 2 was b u i l t  which allowed 

measursments of the res i s tance  of the  material  between two var iab le  loca- 

t ions xl and x2 with a s l i d i n g  contact technique. The contact consisted 

of a brass  needle (radius of the t i p  approximately 75 um) which w a s  gently 

pressed by gravi ty on the polished surface of the  specimen. By t h i s  method, 

the contact did not d ig  i n t o  th2 s o f t  in-Bi matrix. The loca t ion  of the  

needle cou1.d be accurately measured with an at tached micrometer which had a 

s e n s i t i v i t y  of 0.02 m (0.001 inches). 
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Fig. 1. Schematic representation of  a composite unit c e l l  for 
res 1st i v l t y  calculations. 

a , )  With spherical particle  of 30 vo1.X. 

b.) With cubic part ic le  of 30 vol .%. 



Fig.  2. Device for measuring the  l o c a l  r e s i s t i v i t y  of a sp l i t -cy l in-  
drical sample w i t h  a s l i d f n g  contact. The relative changes 
in posit ion can be measured wi th  the attached micrometer. 



A constant current  of 10.00 amperes regulated t o  0.1% was 

passed through the mater ia l .  In order  t o  reduce disturbance of t he  cur ren t  

d i s t r i bu t ion  a t  the  contact a rea ,  the  Cu-current leads had the  shape of t he  

sample and were f ixed with s i l v e r  conductive paint  on both ends of t:k2 speci- 

men. The contact res i s tance  ranged from 0.2 t o  0.7 ma. 

The vol tage drop between a f ixed point on the  sample and var iab le  

locat ions,  usually 0.75 cm (0.3 inches) apart ,  w a s  measured d i r e c t l y  with a 

d i g i t a l  mil l ivol tmeter  of 0.5 pV resolut ion.  A n  i n t e r v a l  of Ax = 0.75 cm 

normally gave a change i n  voltage of 250 pV. The uncertainty i n  loca t ion  

caused by the f i n i t e  extension of t h e  needle contact  r e su l t ed  i n  a misreading 

of a maximum 2.5 pV. In order t o  reduce t h i s  e r r o r ,  t e n  repeated measure- 

ments a t  the  same loca t ions  were made and the  average value taken s o  t h a t  t he  

e r r o r  ?f the  absolute  r e s i s t i v i t y  could be  reduced t o  $- 0.5%. An apparent 

reduction of t he  s i z e  of t he  measuring i n t e r v a l  was obtained by o f f s e t t i n g  t he  

s t a r t i n g  points  of t he  i n t e rva l s  by a ce r t a in  length s o  t h a t  i n t e r c a l a t i n g  

s p a t i a l s  of 0.75 cm were obtained. 

The apparatus was t e s t ed  with a piece of fl2wless brass  having the  

same dimensions a s  t h e  samples. The r e s u l t s  of t he  l oca l  r e s i s t i v i t y  measure- 

ments a r e  p lo t ted  i n  the  lower pa r t  of Fig. 3. The s p a t i a l  reso lu t ion  f o r  

every measured point was 0.3 inches and the  average of 10 measurements is 

plot ted.  The f igure  shows tha t  t he  r e s i s t i v i t y  of t he  b ra s s  sample wi th in  

an e r ro r  of 1%, is constant and independent of t he  measuring position. An 

exception has t o  be made a t  both sample ends where,due t o  a current  d i s to r -  

t i on ,  a deviation occurs. These end-effects d i s tu rb  t h e  measurement up t o  

0.4 inches i n t o  the  sample and, therefore ,  only da ta  beyond t h i s  a rea  a r e  

considered s ign i f i can t .  The r e s i s t i v i t i e s  a t  t he  l e f t  end of t h e  sample 

close t o  the zero loca t ion  could not be measured because of a r e s t r a i n t  i n  

t he  construct icn of t h e  equipment. 

The l o c a l  r e s i s t i v i t i e s  fo r  t h e  f l i g h t  and ground-control sample 

a s  wel l  as  fo r  the In-Bi matrix i t s e l f  a r e  p lo t t ed  i n  t h e  upper p a r t  of Fig. 3. 

The zero locat ion r e f e r s  t o  t he  cold end of both mater ia ls .  It may be 

noticed tha t  the r e s i s t i v i t i e s  of the  two samples a r e  qu i t e  d i f f e r e n t  
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from each o t h e r  and a r e  no t  constant  over t h e  l eng th  of t h e  samples. 

Eas .?n t i a l ly  t h e  same r e s u l t s  were obtained when t h e  d i r e c t i o n  of t h e  c u r r e n t  

f 3.c.11 was reversed.  Measurements were a l s o  made wi th  t h e  p o s i t i o n s  of t h e  

s 3 . p l e  ends i n  t h e  ho lder  reversed and showed no e f f e c t  on t h e  shape of 

t1.e curves. 

The i n t e r p r e t a t i o n  of t h e  exper imental  r e s u l t s  i n  terms of a 

8:h lnge i n  t h e  d i s t r i b u t i o n  of t h e  tungsten p a r t i c l e s  can be excluded because 

t h  , r e s i s t i v i t y  curves f o r  t h e  two samplesare much higher  than t h e  expected 

vz .ue of 18.4 ~Rcm. The average r e s i s t i v i t y  f o r  t h e  f l i g h t  sample is even 

higher  than t h a t  of t h e  ground-control sample, and l a r g e r  than t h e  r e s i s t i v i t y  

of t h e  pure  matr ix  i t s e l f .  The f a c t  t h a t  t h e  r e s i s t i v i t y  is c l o s e  t o  t h e  

r e s i s t i v i t y  of t h e  pure e u t e c t i c  l eads  t o  t h e  concllision t h a t  p a r t  of t h e  

cur ren t  is shie lded from p e n e t r a t i n g  t h e  h igh ly  conducting tungsten p a r t i c l e s .  

This  e f f e c t  could, f o r  example, be  caused by an oxide  l a y e r  on t h e  spheres  

o r  by par t i . a l ly  nonwetting cond i t ions  dur ing t h e  mel t ing process  of t h e  e u t e c t i c .  

If t h e  W-particles were completely i n s u l a t e d  from t h e  mat r ix  by an oxide  

l a y e r ,  t h e  expected r e s i s t i v i t y  of t h e  composite would be  53.3 ~ R r m .  

Af ter  d i scuss ion  of t h e s e  r e s u l t s ,  we, indeed, l ea rned  of t h e  

ex i s tence  of oxide l a y e r s  on t h e  copper-coated tungsten spheres ,  and from 

t h e  ex i s tence  of approximately 2 vol .% of voids  i n  t h e  f l i g h t  sample. The 

presence of voids i n  t h e  f l i g h t  sample exp la ins  t h e  h igher  r e s i s t i v i t y  when 

conrpared wi th  t h e  ground-control sample. For these  reasons ,  a q u a n t i t a t i v e  

a n a l y s i s  of t i e  ? a r t i c l e  d i s t r i b u t i o n  wi th  t h e  r e s i s t i v i t y  technique w a s  

not  possib':.e. 



1 1  RESISTIVITY OF IN - BI AJ 1 OYS 

1 BACKGROUND 

The accuracy of t h e  l o c a l  r e s i s i t i v i t y  measurements could 

not  be  increased beyond l% because of a d r i f t  i n  t h e  vo l tage  s i g n a l  dur- 

i n g  t h e  30 min measuring cycle.  The changing s i g n a l  was obviously caused by 

changes i n  t h e  sample temperature. However, t h e r e  was no phase cor re la -  

t i o n  between t h e  r e s i s t i v i t y  and t h e  sample temperature as u s u a l l y  is t h e  

case  f o r  metah. A n  example of t h e  time-dependent r e s i s t i v i t y  of e u t e c t i c  

m a t e r i a l  (66.3 W.% I n  and 33.7 W.% Bi) when suddenly cooled from 35.6 O C  

t o  23 O C  is shown i n  Fig.  4. The s t e e p  decrease  of t h e  r e s i s t a n c e  a t  t = 0 

is due t o  t h e  temperature change. However, t h e  long t a i l  s e c t i o n  which 

is s t i l l  not constant  even a f t e r  30 h r s  is usua l ly  not  observed f o r  metals.  

During t h i s  pe r iod  of t ime, the  e u t e c t i c  m a t e r i a l  is obviously approaching 

its new thermodynamic equ i l ib r ium composition f o r  t h e  lower temperature. 

According t o  t h e  phase diagram (Fig.  5 ) ,  t h e  r e l a t i v e  composition of t h e  

e u t e c t  i c  should change such t h a t  a -In t r a n s f  o m s  i n t o  t h e  compound In2Bi,  

which t ransformat ion can h e  monitored by r e s i s t a n c e  measurements. 

I n  t h e  following s e c t i o n ,  we w i l l  r epor t  about t h e  r e s i s t i v i t y  

measurements made on t h e  i n d i v i d u a l  components which form t h e  e u t e c t i c  

mate r ia l .  No previous d a t a  were a v a i l a b l e  and, t h e r e f o r e ,  t h e  measurements 

represen t  a r a t h e r  complete information about t h e  e l e c t r i c a l  p r o p e r t i e s  of 

s i n g l e  and two-phase In-Bi a l l o y s .  

The phase diagram of In-Bi has  been i n v e s t i g a t e d  by s e v e r a l  

au thors  [8 ,9 ]  and a composite of t h e  r e s u l t s  is given i n  Fig. 5. It 

is general ly  w e l l  e s t a b l i s h e d  [10,11] t h a t  t h e  t h r e e  s t a b l e  i n t e r m e t a l l i c  

phases (InzBi,  IngBig and InBi.) occur i n  t h e  system at  room temperature. 

I n  add i t ion ,  i t  has  been shown t h a t  metas table  phases can be  prepared 

by quenching [ l o ]  o r  high-pressure [12,13] techniques.  Our r e s u l t s  w i l l  

be c o r r e l a t e d  wi th  t h e  presently-known phase diagram and, i n  c e r t a i n  a r e a s ,  

w i l l  supplement t h e  h i t h e r t o  a v a i l a b l e  d a t a  about phase boundaries.  
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2 ,  SAMPLE PREPARATION 

P ~ l y ~ r y s t a l l i n e  ingots  of t he  composition Inl,xBix were c a s t  
from high pur i ty  (99.999%) indium and bismuth p e l l e t s .  The corresponding 

composition was weighed and melted on a hot p l a t e  i n  a clean pyrex beaker 

i n  a i r  o r  under s i l i c o n e  o i l .  Samples were cas t  i n  a cylindrically-shaped 

graphi te  mold. From the  ingots ,a  cy l ind r i ca l  piece of 7 mn length and 7 nun 

diameter was cut  and used f o r  superconductivity as  w e l l  a s  dens i ty  [14] measure- 

ments. 

The remaining mater ia l  was used t o  f ab r i ca t e  shor t  pieces  of 

wire with a diameter of 0.55 nnn f o r  t h e  r e s i s t i v i t y  measurements. For t h i s  

purpose, a s u i t a b l e  amount of mater ia l  was again remelted and then sucked 

i n t o  a pre-heated t e f lon  c a p i l l a r y  of 0.55 nnn diameter. An approximately 

2 cm long flawless piece of t he  f i l l e d  cap i l l a ry  was then se lec ted  and four 

p o t e n t i a l  leads were at tached with so lder  having the  same chemical composi- 

t i o n  a s  t h e  specimen. This  precaution was taken t o  avoid contamination of 

t h e  samples by Sn or  Pb from the  common solder .  A l l  e l e c t r i c a l  connections 

were protected by a water r e s i s t a n t  coating. 

3,  E L E C T R I C A L  MEASUREMENTS 

To determine the  resibtance of the wire,  normally i n  t h e  range 

of Ohms, a current of 200 rnA ( s t ab i l i zed  t o  within 1 pa r t  i n  10") was 

passed through the  sample and t h e  r e su l t i ng  po t en t i a l  was measured with a 

s e n s i t i v e  d i g i t a l  mil l ivol tmeter .  The r e l a t i v e  po t en t i a l  determinations 

were accurate  t o  within 0.2 PV corresponding t o  an accuracy of 10'~ Ohm i n  

res i s tance .  With t h i s  experimental se tup ,  changes i n  the r e s i s t ance  a s  

a function of temperature o r  time of 1 pa r t  i n  l o 4  could be detected.  

However, the absolute  values of t he  r e s i s t i v i t i e s  fo r  t he  d i f f e r e n t  mate- 

r i a l s  a r e  accurate t o  2% due t o  unce r t a in t i e s  i n  the  wire diameter and 

d is tance  of po t en t i a l  leads.  



T'le w i r e  r e s i s t ance  was e i t h e r  measured as  a function of 

temperature nr  a s  a function of time, when the  sample was plunged d i r e c t l y  

from one con3tant temperature water bath i n to  another one of d i f f e r en t  

temperature. Due t o  thermal lag,  the f i r s t  good vol tage reading was ob- 

ta ined a f t e r  about 10 sec. Temperature measurements were made with a c a l i -  

brated platinum thermometer with an accuracy a t  room-temperature of 0.2 O C .  

For t he  superconductivity measurements, t he  cy l ind r i ca l  samples 

were placed i n  the  cen te r  of a synrmetrical pick-up c o i l  and the  a-c inductance 

of the  c o i l  at 1 kHz was recorded during cool down o r  heating[15].The inductance 

was measured in a bridge c i r c u i t  with a lock-in amplif ier  as a de tec tor .  A 

c a l i b r a t ed  Ge-resistor a t tached t o  one face  of the  sample served a s  a ther- 

mmeter fo r  t he  low temperature inves t iga t ions .  

4, R E S I S T I V I T Y  OF PURE I N  AND BI 
The res i s tance  R of pure metals with a per iodic  l a t t i c e  

is due t o  t he  i n t e r ac t i on  of e lec t rons  with phonons o r  l a t t i c e  imper- 

fec t ions .  On t h e  b a s i s  G E  Bloch's theory t h a t  t h e  e lec t ron  waves move 

i n  an e l e c t r o s t a t i c  f i e l d  having the  periodicy of t h e  c r y s t a l  l a t t i c e ,  

~ r i i n e i s s e n  [16] calculated t h e  temperature dependence of t he  r e s i s t i v i t y  

p (T). I n  t he  in teger  expression obtained by ~ r i n e i s s e n ,  two extreme tempera- 

t u r e  ranges w i l l  have a simple temperature-dependent r e s i s t i v i t y :  

Here, 0 is a c h a r a c t e r i s t i c  temperature fo r  the  p a r t i c u l a r  metal which is 

c lose  t o  the  Debye temperature of t he  s p e c i f i c  hea t .  Whereas, a t  low tempera- 

t u r e s ,  the  quant izat ion of t he  differen;  modes of the Lat t ice  v ibra t ion  i s  

important and leads t o  a T~ behavior; it is poss ib le  a t  high temperatures 

t o  neglect  t h i s  quant izat ion and t r e a t  the  v ibra t ions  c l a s s i c a l l y  Then , 
t h e  probabi l i ty  of a c o l l i s i o n  of an e lec t ron  with t he  l a t t i c e  is propor- 

t i o n a l  t o  t h e  mean square amplitude of the  l a t t i c e  displacement, (x2)ave, 

which, i n  tu rn ,  is again l i n e a r l y  dependent on t h e  absolute  temperature, 



the  atomic mass M, and t h e  Debye temperature O a s  given: 

The theory,  a p p l i e d  t o  r e a l  meta ls  g ives  very  good agreement 

i n  some cases  [I81 (Cu, Au, A l ,  Na, Pb) , however, d e v i a t i o n s  a r e  common 

i a  o t h e r  metals ( N i ,  W) [18,191. 

The e x t e n t  t o  which t h e  pure  m a t e r i a l s  In and B i  and t h e  

compounds of  the  system In-Bi f i t  i n t o  t h i s  r e l a t i o n s h i p  is demonstrated 

below. 

Fig.  6 con ta ins  t h e  h igh temperature r e s i s t i v i t y  ( O  > 109 K) 

measured on a 99.99% pure In-wire. The va lue  of t h e  r e s i s t i v i t y  a t  0 O C  

(8.14 ~ Q c m )  agrees  very  w e l l  wi th  t h e  d a t a  (8.19 p12cm) publ ished e l s e -  

where [201. The r a t i o  of t h e  r e s i s t a n c e  a t  room temperature  (RT) t o  t h e  

r e s i s t a n c e  a t  4.2 K f o r  t h i s  samplc was 5100, r e f l e c t i n g  t h e  h igh  p u r i t y  

of the  m a t e r i a l  used. It may be  seen from Fig. 6 t h a t  t h e  shape of t h e  

r e s i s t i v i t y  curve shows a s l i g h t  d e v i a t i o n  from l i n e a r i t y ,  n o t  accounted 

f o r  by Equation 2b. To demonstrate t h i s  d e v i a t i o n  and t o  compare o u r  

r e s u l t s  f o r  I n  wi th  m a t e r i a l s  s h o w h g  a l i n e a r  r e l a t i o n s h i p  (Cu, Au, Pb, 

Bi) ,  a p l o t  of  t h e  temperature dependence of  t h e  r e s i s t i v i t y  i n  reduced 

coord ina tes  T/O is  shown i n  Fig. 7. We recognize t h a t  a t  about 200 K 

(TI0 = 2) dev ia t ions  from Equation 2b occur.  The Debye temperature  0 f o r  

In  was taken from Ref. 20. Measurements on pure bismuth and s p e c i f i c  

c h a r a c t e r i s t i c  d a t a  a r c  l i s t e d  i n  Table 1. 

S e v i a t i o n s  from t h e  p r o p o r t i o n a l i t y  of t h e  r e s i s t a n c e  wi th  

abso11:te temperature a t  temperatures  below t h e  mel t ing  po in t  have been 

expla ined by Fbtt 1211 as caused by changes i n  t h e  Debye temperature a s  

a r e s u l t  of thermal  expansion. A s  t h e  meta l  expands, O decreases , l ead ing  t o  

an inc rease  i n  t h e  r e s i s t i v i t y  according t o  (2b).  Indeed, t h e  thermal 

expansion c o e f f i c i e n t  of  In a t  room temperature is t h r e e  t imes t h a t  of 

copper o r  gold [ 201. 





IN (99.89% PURE) 

Fig. 7 .  Temperetrlre dependence o f  the r e s i s t i v i t y  for  In i n  reduced 
coordinates in comparison with other wetals (181. 
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The v a r i a t i o n  of t h e  r e s i s t i v i t y  f o r  T > 0 can be expressed 

more adequately f o r  indium by t h e  empi r ica l  r e l a t i o n s h i p  

wi th  a, = 0.00737 uQcm K - l  and n = 1.27.  The m a t e r i a l  cons tan t s  a. 

and n can be taken from Fig. 8 which is a p l o t  of t h e  exper ia , a ta l ly  

obtained r e s i s t i v i t i e s  a s  a funct ion of temperature using a logar i thmic  

sca le .  Eq . I t i o n  3 holds i n  a temperature region from 140 t o  335 K w i t h  an 

accuracy of b e t t e r  than 1%. Since t h i s  r e l a t i o n s h i p  can be  app l ied  only  

f o r  T > 0, t h e  value  of po 9 which is very smal1,will  be neglected in our  

considerat ions .  The d a t a  f o r  pure S i  had t o  be  omitted from Fig.  8, b u t  

t h e  corresponding values  are:  a, = 0.477 pQcm K-I and n = 0.97 (Table 11, 
demonstrating a near ly  l i n e a r  r e s i s t i v i t y  behavior. The constant  a, is 

a f a c t o r  which depends upon t h e  d e t a i l e d  n a t u r e  of t h e  band s t r u c t u r e ,  t h e  

Debye temperature,and t h e  atomic mass of t h e  sample. It was found dur ing  

t h e  course of t h i s  i n v e s t i g a t i o n  t h a t  t h i s  exponent ia l  r e l a t i o n s h i p  does 

no t  only hold f o r  . ?  and B i  bu t  a l s o  f o r  t h e  a-phase and t h e  i n t e r m e t a l l i c  

ct ..pounds of Zn and B i .  Therefore,  wi th  t h i s  r e l a t i o n s h i p ,  t h e  r e s i s t i v i t i e s  

of t h e  d i f f e r e n t  In-Bi phases can be uniformly compared with each o t h e r .  

Using Equation 3, t h e  temperature c o e f f i c i e n t  of t h e  r e s i s t i v i t y  

a becomes 

For most metals,  a value of a ; 0.004 K ' ~  is general ly  found a t  RT, as 

can be seen from published d a t a  1201 and from Table 1. 





5. kESISTIVITY OF THE INTERMETALLI C COMPOUNDS, IN~BI, 
~ N ~ B I ~ ,  h:31 

In a l loy  systems v i t h  intermediate phases, the  va r i a t i on  of 

the  r e s i s t s v i t j  with composition is very complex. Each phase has its own 

e l e c t r i c a l  behavior, depending on composition, l a t t i c e  s t r u c t u r e  and band 

s t r u c t u r e  [ 2 2 ] .  Since a new l a t t i c e  periodicy is  ex i s t i ng  which may not be 

the  one of the purs cons t i tuen ts ,  the  r e s i s t i v i t y  normally w i l l  vary within 

t he  l i m i t s  of the  elementary const i tuents .  

The temperature dependence of the  r e s i s t i v i t y  f o r  t he  t h r ee  

i n t e rme ta l l i c  compounds, In$i (hexagonal), In5Bi3 ( te t ranonal ) ,  and InBi 

( te t ragonal ) ,  has Seen measured and t h e  r e s u l t s  a r e  shown fn a logarithmic 

p lo t  i n  Fig. 9. The da ta  i l l  a c e r t a i n  temperature region f o r  T > 8 c a n  indeed be 

f i t t e d  with Equation 3 and small  deviat ions occur c lose  t o  the  melting 

temperatures. From t h i s  graph, t h e  values of n and a, :ere determined 

and a r e  given i n  Tables 1 and 2 ,  together  with the  temperature range f o r  which 

exponential  f i t  is useful .  With t he  exception of h 5 B 1 3 ,  t he  r e s i s t i v i t i e s  

a t  room temperature increase near ly  proport ional ly  with t he  B i  content i n  

t he  compounds and vary over the wide range from 9 .1  t o  120 p3cm. In5Bi3 

does not f i t  in t h i s  pa t te rn  because of i ts  very high RT value of t h e  

r e s i s t i v i t y ,  the  narrow temperature range of the  exponential  f i t ,  and t h e  

very small exponent of n = 0.2.  With the  exponent n being an indi-  

ca tor  f o r  t he  conducting mechanism, In5Bi3 seems t o  be  c lo se r  t o  semi- 

conducting behavior than the  I I I - V  compound InBi, where semiconducting 

proper t ies  could be expected [ 2 3 ] .  It must be noted, however, t h a t  t he  

r e s u l t s  on In5Bi3 a r e  preliminary and were obtained on a s i n g l e  sample. 

A confirmation of these measurements on more than one sample is desirable .  

6. RESISTIVITY OF -PHASE (-IN) 
Thermal ana lys i s  data  i nd i ca t e  [9]  t ha t  the  f a r e  centered 

te t ragonal  ( f c t )  indium l a t t i c e  can dissolve up t o  7.1 W . %  ( 4 .0  At.%) B i  

a t  25 O C ,  forming the  a-phase. The s o l u b i l i t y  is  temperature dependent 





and a t  72 O C ,  t h e  maximum amount of I n  atoms which can be s u b s t i t u t e d  

by B i  atoms is 20.5 W . %  a t . %  ( see  Fig. 5). Th i s  high s o l u b i l i t y  impl ies  

t h a t  of every e i g h t  In atoms, t h e r e  is  one randomly s u b s t i t u t e d  by a l a r g e r  

13i atom. Such a conf igura t ion  is uns tab le  below 72 "C, and, t h e r e f o r e ,  

t h e  a-phase p r e c i p i t a t e s  t h e  phase In2Bi upon cool ing [24]. The e f f e c t  of 

supercool ing of t h e  ~ t - p ~ ~ a o e  b y  a few degrees is observed. The s t a b i l i t y  

range of a-Tn from t h e  phase diagram E d r  va r ious  B i  concen t ra t ions ,  n o t  

consider ing t h e  e f f e c t  of supercool ing,  is given i n  Table 2 .  

We have measured on four  samples wi th  B i  concen t ra t ions  (5 ,  10,  

15, 20 W. %) t h e  temperature dependence of t h e  e l e c t r i c a l  resist: r i t y .  The 

r e s u l t s  a r e  given i n  Figs .  8 and 10. Two d i f f e r e n t  samples of t h e  composi- 

t i o n  In0.8:Bi0-15 were a v a i l a b l e  and t h e  i n d i v i d u a l  d a t a ,  which agree  t o  

w i t h i n  1%, a r e  p l o t t e d  i n  t h e  same Fig. 10. It i s  i n t e r e s t i n g  t o  n o t e  t h e  

s teady i n c r e a s e  of p wi th  i n c r e a s i n g  B i  concentra t ion.  I n  t h e  temperature 

range of s t a b i l i t y ,  t h e  r e s i s t a n c e  curves  can aga in  b e  represented by 

Eq.(3) with t h e  concentration-dependent cons tan t s  a, and n l i s t e d  i n  

Table 1. Noticeable dev ia t ions  from Eq. (3) occur  o u t s i d e  t h e  temperature 

range of s t a b i l i t y ,  as demonstrated on t h e  t h e  sample I n 0 , 9 5 B i 0 , ~ 5  (W.%) 

i n  Fig. 8. Due t o  superhea t ing  and supercool ing e f f e c t s ,  t h e  range of 

s t a b i l i t y  extends by s e v e r a l  degrees K i n t o  t h e  metas table  regiqn before  

decomposition and d e v i a t i o n  from l i n e a r i t y  occur . 

On adding B i  t o  In ,  t h e  a x i a l  r a t i o  c / a  of t h e  f c t  l a t t i c e  is  

increased [9] from 1.077 f o r  pure I n  up t o  1.122 f o r  In0. 795Bi0.205 (W.%). The 

Bi  atoms can be  considered as i m ~ u r i t y  atoms i n  t h e  I n  l a t t i c e  which a c t  

as a d d i t i o n a l  s c a t t e r  c e n t e r s  f o r  t h e  e l e c t r o n s  (Ri) t o  the already p resen t  

s c a t t e r  a t  l a t t i c e  v i b r a t i o n s  (R1). 

For smal l  impurity concentra t ions ,  Mat thiessen 's  r u l e  [25] s t a t e s  

chat  these  two c o n t r i b u t *  ns  t o  t h e  r e s i s t a n c e  a r e  a d d i t i v e  and t h e  t o t a l  

r e s i s t a n c e  R is then composed of t h e  two terms, 

R = q + R I ( T )  o r p  = p i + P 1 ( T ) .  
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Fig. 10. Logarithmic plot of the temperature-dependent resistiv 
resistivity for the a-phase. 

ity for the 



The t e r n  (R1) introduced by t h e  l a t t i c e  v i b r a t i o n s  is  temperature 

dependent. whereas, t h e  impurity term (Ri) i s  independent of tempera- 

t u r e  and should be p ropor t iona l  t o  t h e  impurity concentra t ion f o r  small 

concentra t ions .  To check the  ex ten t  t o  which Mat thiessen 's  r u l e  a p p l i e s  

f o r  t h e  experimentally obta ined r e s i s t i v i t i e s  of t h e  a-phase, t h e  follow- 

i n g  considerat ion is use fu l .  When t h e  temperature dependent term P I  is 
independent of t h e  impurity concentra t ion,  then t h e  fol lowing r e l a t i o n  

can be derived from Eq.  (5). 

Slope values f o r  a l l  samples i n  t h e  single-phase region a r e  a v a i l a b l e  f o r  

T=60° and a r e  l i s t e d  in Table 1 . We s e e  t h a t  a t  333 K (60 OC) t h e  s l o p e  

of t h e  r e s i s t i v i t y  curves f o r  In is changed by only 6% when up t o  20 W.% 

B i  is dissolved.  Although t h e r e  is a weak coupling of t h e  impurity atoms 

and t h e  phonons, Mat thiessen 's  r u l e  is  a p p l i c a b l e  t o  a-In w i t h  t h e  accuracy 

s t a t e d .  We no te  t h a t  dp/dT f o r  In,Bi3 is c lose  t o  t h e  va lues  f o r  t h e  

%phase whereas the  s lopes  f o r  In2Bi, InBi and B i  a r e  n e a r l y  a magnitude l a r g e r .  

Combining Eq. (6) and (3 ) ,  we f i n d  t h e  u s e f u l  r e l a t i o n s h i p  

(T = cons tan t )  (7) 

which c o r r e l a t e s  t h e  exponent and t h e  r e s i s t i v i t y  f o r  I n  wi th  those  f o r  t h e  

a-phase. P l o t t i n g  t h e  exponents obtained f o r  t h e  a-phase as a func t ion  of 

1IPa should r e s u l t  i n  a s t r a i g h t  l i n e  wi th  P( In )n( In )  a s  t h e  s l o p e  value.  

This r e l a t i o n  i s  demonstrated i n  Fig. 11 f o r  a temperature of 60 O C .  The 

s l o p e  of t h e  continuous l i n e  was chosen a s  13.31 pRcm according t o  t h e  

experimental  d a t a  f o r  I n  and, t h e r e f o r e ,  t h e  o f f s e t  of d a t a  p o i n t s  from t h i s  

l i n e  is a q u a n t i t a t i v e  measure f o r  t h e  dev ia t ion  from Matthiessen 's  r u l e .  

Fig. 11 a l s o  conta ins  t h e  measurements f o r  t h e  compound In5Bi3 which f i t  

s u r p r i s i n g l y  w e l l  w i th  t h e s e  data .  I t  may be  concluded from t h i s  

behavior t h a t  In5Bi3 ( t e t r . )  i n  i ts e l e c t r i c a l  p r o p e r t i e s  is s i m i l a r  t o  

t h e  i s o s t r u c t u r a l  a-phase and may b e  considered a s t a b i l i z e d  con t inua t ion  

of t h e  s o l i d  s o l u i i o n  phase. 





Above, we have r e l a t e d  t h e  r e s i s t i v i t y  of t h e  a-phase w i t h  

t h e  exponent n,  using Mat thiessen 's  r u l e .  A c o r r e l a t i o n  of t h e  r e s i s t i v i t y  

wi th  t h e  concentra t ion of B i  is  p o s s i b l e  on t h e  b a s i s  of cons idera t ions  by 

Nordheim [ 2 6 ] .  He f i n d s  t h a t ,  a t  a constant  temperature,  t h e  r e s i s t i v i t y  p ( a )  

is propor t iona l  t o  t h e  concentra t ion product of t h e  two par tne rs .  I f  x is 

t h e  concentra t ion of B i  i n  W.% and (1-x) t h e  concentra t ion of In ,  then t h e  

r e s i s t i v i t y  should follow as : 

where ihe  constant b has  t h e  value  123 PR cm a t  60 OC. 

The a-phase, up t o  t h e  s o l u b i l i t y  l i m i t  o f  20.5 W . % ,  fo l lows 

t h e  proposed r e l a t i o n s h i p  as we can s e e  from Fig. 12,  where (Pa - pin) / (1-x) 

is p l o t t e d  a s  a func t ion  of concen t ra t ion  at 60 OC. The exper imental ly  

obtained r e s i s t i v i t i e s  a r e  compared wi th  t h e  expected r e s i s t i v i t i e s  from 

Eq. 8 i n  Table 4. It may be  noted t h a t  t h e  l i n e a r  f i t  of t h e  d a t a  is b e s t  

when t h e  B i  concentra t ion on bo th  axes is expressed i n  weight %. The resis- 

t i v i t y  inc rease  f o r  indium by t h e  s o l u t i o n  of smal l  bismuth concen t ra t ions  

is found t o  be 2.22 pncm/at.%. 

7, R E S I S T I V I T Y  OF TWO-PHASE ALLOYS (a - IN  + I N ~ B I )  

According t o  t h e  In-Bi phase diagram, t h e r e  a r e  f o u r  concentra- 

t i o n  regions  a t  25 " C  i n  which two d i f f e r e n t  phases co-exist  wi th  each o t h e r :  

[ a-In + In:!6i I In2Bi + IngBi j  I In5Bi3 + InBi I InBi + B i  I 

The most i n t e r e s t i n g  phase combination, consider ing t h e  e l e c t r i c  p r o p e r t i e s ,  

i s  ?.he region a-In + In2Bi because of t h e  temperature-dependent s o l u b i l i t y  

of In2Bi i n  t h e  a-phase. A temperature-dependent s o l u b i l i t y  cguses t h e  

r e l a t i v e  amount of t h e  two phases t o  change w i t h  temperature,  whereas, i n  

t h e  remaining t h r e e  concentra t ion ranges,  t h i s  is no t  t h e  case.  I n  t h e  

following, w e  w i l l  d i scuss  t h e  r e s u l t s  obia ined on a l l o y s ,  inc lud ing  t h e  

e u t e c t i c  composition, c o n s i s t i n g  of a-Zn and InzBi. 
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TABLE 4 

CONCENTRATION DEPENDENT RESISTIVITY OF a - I n  AT T = 333K 

Calc. Calc. Experimental 
B i  Concentr. , x Resist ivity* Resistivity** Res is t iv i ty  

(w. X )  (~Qcm) (~ncm) (~Qcm) 

* for b 123 @cm [ p ( ~ i )  = r ~ 3 . ~  j~:l.:m] 

** for b = 128 Wcm [ p ( ~ i )  = 138.6 pQcm] 





In  o r d e r  t o  ge t  r e l i a b l e  d a t a  f o r  those  m a t e r i a l s ,  t h e  

two phases have t o  be i n  thermodynamic equ i l ib r ium with  each c t h e r  and 

t h e  achievement of t h i s  cond i t ion  is a f u n c t i c a  of time. We were a b l e  

t o  fo l low t h e  approach t o  equ i l ib r ium cond i t ions  by measuring t h e  time depen- 

dence of t h e  r e s i s t a n c e  and, a f t e r  gaining knowledge of t h e  a n a l y t i c a l  func t ion  

f o r  t h i s  behavior ,  could e x t r a p o l a t e  t h e  r e s i s t i v i t y  t o  + = m. These 

s t u d i e s  a r e  f u r t h e r  expla ined i n  a l a t e r  chapter  (IV). Such e x t r a p o l a t e d  

equ i l ib r ium values  a r e  used i n  Fig. 13  which con ta ins  t h e  r e s i s t i v i t i e s  

a t  T = 25 O C  f o r  t h e  two-phase a l l o y s  as a func t ion  of  t h e  o v e r a l l  B i  

concentra t ion.  The d a t a  of Fig.13 a r e  a l s o  l i s t e d  i n  t h e  f i r s t  c o l u m  o f  

Table 3.  Since t h e  two-phase reg ion  is terminated by t h e  s ingle-phase  

a l l o y s  a-In and In2Bi, a l l  p r o p e r t i e s  of t h e  two-phase region have t o  s t a r t  

and t o  end wi th  t h e  p r o p e r t i e s  of each single-phase m a t e r i a l .  Therefore ,  

t h e  cusp i n  t h e  curve a t  7.2  W . %  B i  r e f l e c t s  t h e  phase boundary f o r  t h e  

a-phase a t  25 "C. 

Fig. 13  a !;r, c o n t a i n s  a dashed l i n e  r e p r e s e n t i n g  t h e  r e w i s t i v i t i e s  

f o r  me tas tab le  ( supersa tu ra ted)  a-phase. These r e s i s t i v i t i e s  car1 be obta ined 

e i t h e r  from Eq. (3) when t h e  ex tens ion  i n  t h e  metas table  range is m d e ,  o r  

from exper imenta l  readings  when t h e  a-phase is  quenched from a h i g h  tcmpera- 

t u r e  t o  25 "C where i t  is s t a b l e  f u r  some seconds be fo re  t h e  p r e c i p i t a t i o n  

of In2Bi occurs.  It may be seen from t h i s  f i g u r e  t h a t  of two samples w i t h  

t h e  same B i  concen t ra t ion ,  t h e  r e s i s t i v i t y  of t h e  two-phase a l l o y  is always 

lower than t h a t  o f  t h e  s ing le -phase  m a t e r i a l  al though t h e  r e s i s t i v i t y  of t h e  

p r e c i p i t a t e d  compound is appreciably  h igher  than chat  of t h e  a-phase,  Mea- 

surements of t h i s  k ind could be  u s e f u l  i n  determining t h e  e l e c t r l c a l  svi.itch- 

i n g  ( p a r a l l e l  o r  s e r i e s )  of the  p r e c i p i t a t e d  phase. S i m i l a r  curves t o  t h e  

ones i n  Fig. 13 a r e  obta ined when d i f f e r e n t  equ i l ib r ium temperatures a r e  

chosen. 

With the  Ilj ronccn t ra t ion  l e f t  cons tan t ,  '.he equ i l ib r ium r e s i s t i v i t y  

has  been measured a t  s e v e r a l  temperaturec,  usua l ly  between 0 "C and 60 "c. 
The temperature could not be chosen too low because then t h e  adjustment t o  

t h e  equ i l ib r ium composition becomes i n c r e a s i n g l y  slow. For example, con- 

s i d e r  t h e  e u t e c t i c  m a t e r i a l  (33 .7  W.% B i  and 66 .3  W.X In )  w h ~ r e  i t  w i l l  t a k e  



- CONCENTRATION (WX) 

Fig. 13. Concentration dependence of the r e s i s t i v i t y  for the two-phase 
alloy8 (a-In/In2Bi) at 2 5 O C .  The dashed l i n e  i s  for the meta- 
stable  a-phase a t  th i s  temperature. 



approximately 90 I~rs. a t  0 O C  t o  achieve 95% of t h e  equ i l ib r ium composi- 

t i o n ,  whereas a t  24 " C ,  equ i l ib r ium (95%) w i l l  b e  achieved i n  on ly  9 h r s .  

The equ i l ib r ium r e s i s t i v i t i e s  were used t o  determine g r a p h i c a l l y  

t h e  values  of d ~ / d ~  a t  25 "C which a r e  l i s t e d  i n  t h e  second column of 

Table 3. It is ranarkable  t h a t  t h e  s l o p e  f o r  t h e s e  two-phase materials - 
because of t h e  temperature-dependent s o l u b i l i t y  - a r e  four  t o  f i v e  times 

l a r g e r  than those  f o r  single-phase m a t e r i a l s ,  l i s t e d  i n  Table 1. This  

increased temperature s e n s i t i v i t y  o f  t h e  sample r e s i s t a n c e  makes an 

accura te  p o t e n t i a l  meascrement d i f f i c u l t  f o r  very  long e lapsed  t imes and 

r e q u i r e s  a high degree of temperature s t a b i l i t y  of  t h e  wa te r  bath.  Typ ica l ly ,  

t h e  RT r e s i s t i v i t y  changes by 0.5 t o  1% o f  t h e  measured r e s i s t i v i t y  f o r  every  

degree change in  temperature.  

M u l t i p l i c a t i o n  o f  t h e  s l o p e  va lues  w i t h  l / p  g ives  t h e  tempera- 

t u r e  c o e f f i c i e n t  a f o r  t h e  two-phase m a t e r i a l .  Also l i s t e d  i n  Table 3 

a r e  t h e  "hypothetical1 '  va lues  f o r  t h e  exponents n and t h e  c o n s t a n t s  a. 

der ived from knowledge of a and wi th  Eq. (3) .  Although t h c r e  is no obvious 

j u s t i f i c a t i o n  a v a i l a b l e  f o r  doing s o ,  t h e  agreement of t h e  r e s u l t s  ob ta ined  

is q u i t e  encouraging. Using RT d a t a  t o  compute t h e  cons tan t s  f o r  Eq. ( 3 ) ,  

t h e  c a l c u l a t e d  and measured va lues  f o r  p a t  0 "C can b e  compared,which is 

done i n  t h e  l a s t  two c o l ~ ~ m n s  of Table 3. The agreement of t h e  r e s i s t i v i -  

ties is b e t t e r  than  1%. 

8 ,  ELECTk I C  MODELING OF TWO-PHASE ALLOYS 

Very o f t e n  i t  is  d e s i r a b l e  t o  e s t ima te  t h e  r e s i s t i v i t y  of a two- 

phase a l l o y  when t h e  r e s i s t i v i t i e s  of t h e  i n d i v i d u a l  components a r e  known. 

A s  a f i r s t  approximation, t h e  veighed average of t h e  r e s i s t i v i t i e s  on a 

volume b a s i s  is recommended 1271.  The d i f f i c u l t y  i n  o b t a i n i n g  a b e t t e r  

approximation l i e s  i n  t h e  f a c t  t h a t  t h e  swi tching c h a r a c t e r i s t i c s  of  t h e  

second phase (percentage of p a r a l l e l  and s e r i e s  connection) is  no t  known. 

The extreme cases  would b e  t h a t  a l l  t h e  pal:{-cles of  t h e  second phase a r e  

connecred e i t h e r  i n  s e r i e s  o r  i n  p a r a l l e l .  The t r u e  va lue  f o r  t h e  r e s i s -  

t i v i t y  w i l l  l i e  somewhere i n  between. 



A b e t t e r  approach t o  t h i s  problem w i l l  be t h e  a p p l i c a t i o n  of 

t h e  composite r e s i s t i v i t y  model obta ined i n  Chapter 11, 2. Since t h e  

equ i l ib r ium r e s i s t i v i t i e s  of the  two phases a r e  a v a i l a b l e ,  we can demon- 

s t r a t e  the  q u a l i t y  of t h e  model by t h e  degree of agreement we o b t a i n  wi th  

t h e  experimental  data .  These r e s i s t i v i t i e s  a r e  l i s t e d  i n  Table 5 f o r  

s e v e r a l  two-phase In-Bi a l l o y s .  Also given a r e  t h e  extreme va lues  f o r  

serial and p a r a l l e l  connection of t h e  second phase. The d a t a  of Table 5 

a r e  i l l u s t r a t e d  i n  Fig. 14. Considering t h e  smal l  amount of d a t a  put i n t o  

t h e  model, t h e  agreement wi th  t h e  experimental  r e s i s t i v i t i e s  is good and is  

wi th in  the  s c a t t e r  of t h e  d a t a  obtained.  

9, THE DETERMINATION OF THE a-PHASE L I N E  BY R E S I S T I V I T Y  

MEASUREMENTS 

The a-phase l i n e  i n  t h e  phase diagram (Fig.  1) can be  determined 

with r e s i s t a n c e  measurements by cool ing a sample of a-In wi th  f i x e d  composi- 

t i o n  slowly through t h a t  c r i t i c a l  temnerature region.  When t h e  phase l i n e  is 

crossed,  p r e c i p i t a t i o n  of In2Bi occurs  which is assoc ia ted  wi th  a change i n  

s l o p e  of t h e  r e s i s t a n c e  temperature curve. However, t h e  supercool ing of t h e  

a-phase de lays  p r e c i p i t a t i o n  o f  In2Bi. This e f f e c t  can be e l imina ted  by 

cool ing t h e  sample s u f f i c i e n t l y  below t h e  supercool ing temperature and sub- 

sequent l y  performing equi l ibr ium measurements a t  inc reas ing  temperatures.  

A s e r i e s  of such measurements on t h e  sample InO,gBiO. is shown 

i n  Fig. 15. The decomposition temperature of 312 K (39 "C)  can be der ived 

from t h e  data .  S imi la r  curves a r e  obta ined f o r  a-In wi th  1 5  and 20 w. % Bi,  

l ead ing  t o  c r i t i c a l  temperatures of 325 K (52 O C )  and 341 K (68 OC) , 
respec t ive ly .  

Here is another  oppor tuni ty  t o  check i f  Eq. (3) is a p p l i c a b l e  f o r  

two-phase mate r ia l s .  For a-In, t h e  temperature dependence of t h e  r e s i s t i v i t y  

i n  t h e  single-phase region is given by Eq. (3) u i t h  t h e  c o n s t a n t s  l i s t e d  i n  

Table 1. The r e s i s t i v i t i e s  i n  t h e  two-phase region may be expressed by t h e  

same equat ion but  wi th  d i f f e r e n t  cons tan t s  l i s t e d  in  Table 3, The tempera- 

t u r e  a t  which t h e  two r e s i s t i v i t y  curves i n t e r c e p t  w i l l  be t h e  c r i t i c a l  



EXPERIMENTAL DATA 

Bi CONCENTRATION (we%) 

Fig. 14. The calculated r e s i s t i v i t y  of two-phase a l l oys  according t o  
different models. 



TABLE 5 

THE ELECTRICAL RESISTIVITY OF TWO-PHASE ALLOYS OBTAINED FROM DIFFEREiJT MODELS 

(T = 25 "C) 

Se r i a l  P a r a l l e l  Cubic Exp. Equil. 

t Also re fe r red  t o  in l i t e r a t u r e  a s  "weighed average.'' 

* The second phase is assumed t o  be dispersed i n  cubic form. 

** Experimental d a t a  obtained by extrapolat ion t o  t = " 0  

Designation 
(w.X) 

1n~.928Bi0.072 

In0. 9oBi0. 10 

InO. 85Bi0. 15 

InO. 8oBi0. 20 

In0.75Bi0.25 

1n~.663Bi0. 337 

InO. 5!iBi0. 45 

InO. 535Bi0. 465 

1 
S e r i a l  Connection __* 

Conc. of *In Connect. Connect. t Unit C e l l *  Resis t ivi ty** 
(VOI . % )  b n  cm) (pa cm) (~52 cm) cm) 

100 17.79 17.79 17.79 17.79 
-- - 

93.68 20.06 18.58 18.63 18.6 

82.12 24.23 20.21 20.48 21.3 

70.19 28.52 22.22 22.85 22.6 

57.87 32.96 24.78 25.82 26.4 

35.41 41.05 31.34 34.68 33.9 

4.32 52.24 49.47 50.04 49.2 

0 53.80 53.80 53.80 53.80 

L 
Para l l e l  Connection 

i Unit Cel l  Connection J 



temperature for decomposition. The following temreratures are then calcu- 

lated: 316 K ,  328.5 K and 348 K for the three Bi-concentrations mentioned 

above. The agreement is good regarding the accuracy of 1% with which the 

exponents n are determined. 



0 EQUILIBRIUM READINGS 

TEMPERATURE ( O C )  

Fig. 15. The determination of the a-phase boundary by r e s i s t i v i t y  measurements. 



I V ,  ADJUSTMENT TO THERMODYNAMIC EQUILIBRIUM IN TWO-PHASE 
IN-B I ALLOYS 

1, EUTECTIC ALLOYS 

The e u t e c t i c  a l loy  is a two-phase mater ial  composed of a-In 

and In2Bi. Since the  *phase has a temperature-dependent s o l u b i l i t y  l i m i t  

f o r  bismuth o r  In2Bi, the r e l a t i v e  composition of the two phases i n  the  

a l loy  is dependent on temperature. For some common temperatures used i n  

t h i s  inves t iga t ion ,  t he  concentrations of both phases a r e  l i s t e d  i n  Table 6,  

along with the  s o l u b i l i t y  limit f o r  a-In. These quan t i t i e s  a r e  calculated 

from the  phase diagram. 

TEMPERATURE DEPENDENT COMPOSITION OF In-Bi EUTECTIC MATERIAL 

(66.3 w.% In - 33.7 w.% Bi) 

Temperature Bi-conc. i n  Relative Amount of 
a-phase a-phase In2Bi 

(K) ("C) (w. X )  (w.2) (w. 4; )  

Upon cooling of an e u t e c t i c  a l loy from 35.6 O C  t o  24.0 O C ,  t he  

r e l a t i v e  composition of the sample should change according t o  the values 

l i s t e d  i n  Table 6. This compositional change implies t h a t  2.8 w.% of the 

phase In2Bi w i l l  be formed from a-In a t  24 O C .  The compound formatfon 

is a thermally ac t iva ted  process and requires  r ce r t a in  time f o r  its 

completion. Since the r e s i s t i v i t i e s  f o r  the two phases d i f f e r  by a con- 

s iderable  amount, it  is  possible  t o  follow the adjustment t o  t he  new 

equilibrium composition by r e s i s t i v i t y  measurements. 



I f  no time-dependent change i n  composition occurs ,  t h e  sample 

may be i n  a "frozen" s t a t e  and behaves e l e c t r i c a l l y  l i k e  a single-phase 

mate r ia l .  

The change i n  r e s i s t a n c e  a s  a funct ion of t ime f o r  t h e  f i r s t  

10 minutes of an experiment i n  which a sample w a s  r a p i d l y  cooled from 

35.6 O C  t o  23 O C  i s  shown i n  Fig. 4. It can be recognized t h a t  t h e  cool ing 

curve c o n s i s t s  of two p a r t s .  F i r s t ,  t h e r e  is a rap id  drop i n  r e s i s t a n c e  

caused by t h e  sudden change i n  temperature.  It was determined t h a t  t h e  

t ime required f o r  t h e  sample t o  adopt t h e  new temperature was 5 t o  10 

seconds, depending on t h e  temperature d i f fe rence .  Secondly, t h e r e  i s  a 

gradual  decrease  i n  t h e  r e s i s t a n c e  wi th  time a f t e r  t h e  m a t e r i a l  achieved 

t h e  cons tan t  temperature of t h e  bath .  This e f f e c t  can be a t t r i b u t e d  t o  

t h e  adjustment towards t h e  new equ i l ib r ium composition a t  23 O C .  The 

decrease  i n  t h e  r e s i s t i v i t y  can be observed f o r  days o r  even weeks u n t i l  

t h e  s e n s i t i v i t y  l i m i t  of t h e  ir tstrumentation is reached. 

I n  t h e  following, we w i l l  d e s c r i b c  a n a l y t i c a l l y  t h e  time 

dependence of t h e  r e s i s t i v i t y .  The changes i n  r e s i s t i v i t y  caused by t h e  

growth of a second phase may be expressed by t h e  Avrami equat ion [28] .  

Adjusted t o  our  needs, t h e  fol lowing r e l a t i o n  can be appl ied:  

Po-P 
A P - =  1 - exp (-btm) 

Po-Pm 

where 

t = time 

P = r e s i s t i v i t y  a t  t = 0 

P, = r e s i s t i v i t y  a t  t = 

b = a reac t ion  constant  

m = a constant  which depends on t h e  n u c l e a t i o r  and t h e  
geometrj  of t h e  growing p a r t i c l e s  



For t = 0, we obtain A P  = 0 and fo r  t = m, AP = 1 r e s u l t s .  The 

extreme conditions show tha t  only r e l a t i v e  changes i n  the  r e s i s t i v i t y  a r e  

considered. 

The l imi t i ng  r e s i s t i v i t i e s  were determined a s  fcllows: Po c a i ~  

be obtained by ex t rapola t ing  the  f i r s t  readings a f t e r  iO, 15, 20 and 30 

seconds t o  t = 0. A t  room temperature (small reac t ion  r a t e s ) ,  t h i s  could 

be achieved by a l i n e a r  extrapolat ion.  For higher reac t ion  r a t e s ,  t h e  

l i n e a r  extrapolat ion yr:ved not t o  be s u f f i c i e n t  and a bes t  curve was then 

drawn through t h e  da t a  points .  The value fo r  p, was estimated by a 

logarithmic ex t rapola t ion  of t he  readings obtained a f t e r  severa l  days i n t o  

the  experiment. By t h i s  method four  t o  f i v e  decades i n  elapsed time were 

covered. 

Knowledge of po  and p, a f t e r  completion of t he  isothermal 

react ion gc.ve t h e  A P  as a funct ion of time. P lo t t i ng  l og  In 1 a s  mp 
a function of l og  t s a t i s f i e s  Eq. (9) ,  and a s t r a i g h t  l i n e  w i l l  r e s u l t  

with the  s lope m when the  Avrami equstion is appl icab le  t o  t he  process. 

Fig.16a shows the  experimental readings fo r  the  isothermal 

react ion a t  23 OC, when p lo t t ed  i n  t he  reduced coordinates.  It may be  

noticed tha t  the  p rec ip i t a t i on  of In2Bi occurs immediately with no 

induction time required. The f i r s t  reading (35.30 uncm) obtained a t  

t = 10 sec  is  located on t h e  s t r a i g h t  l i n e  and d i f f e r s  from the  extrapo- 

l a t ed  p o  by only 0.07 pQcm. The l i n e a r  r e l a t i onsh ip  with m - 0.57 is 

followed within th ree  decades of time, u n t i l  70% of the  equi l ibr ium 

r e s i s t i v i t y  reading is reached a f t e r  approximately 100 min. Then, a 

marked deviat ion from ~ v r a m i ' s  re la t ionsh ip  occurs. This deviat ion has been 

observed on many samples and the  reason fo r  t h i s  e f f e c t  is not yet known. 

The change i n  s lope occurs when the  sample is about 70 t o  80% c lose  t o  p, 

and ind ica tes  a much slower react ion r a t e .  Measurements a f t e r  such long 

elapsed times, where only an add i t i ona l  10% change i n  r e s i s t i v i t y  can be 

expected, a r c  very d i f f i c u l t  t o  make because of the required long time 

s t a b i l i t y  of the  instrumentation. Therefore, we w i l l  be mainly concerned 

with the  f i r s t  50% change i n  t he  r e s i s t i v i t y .  



log t (minutes) 

a . 5  

Fig. 16a. Temperature and time- dependent r e s i s t i v i t y  of an In-Bi 
eutect ic  a l loy  when gsenched from 35.6 t o  23.0 'c. 
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The adjustment t o  t h e  equ i l ib r ium compusiton may be s t u d i e d  at 

severa l  temperatures and then t h e  curves  shown i n  Fig. 17 a r e  obta ined.  

Heating o r  cool ing t h e  e u t e c t i c  a l l o y  t o  a new ~ q u i l i b r i u m  temperature  

can be expressed by t h e  same formalism. The s l o p e  of t h e  l i n e s  is  

approximately t h e  same wi th  a va lue  of m = 8.59 and a mean d e v i a t i o n  

of 8%. The t ime a t  which t h e  r e l a t i v e  r e s i s t i v i t y  Ap passes  50% w i l l  b e  

c a l l e d  t .  Th i s  time is a measure f o r  t h e  temperature-dependent r a t e  

of  t h e  p r e c i p i t a t i o n .  Reaction r a t e s  a r e  markedly slower a t  0 O C  than a t  

h igher  temperatures.  Since t h e  p r e c i p i t a t i o n  is a thermal ly  a c t i v a t e d  

process ,  tl12 w i l l  be  connected w i t h  t h e  temperature by t h e  Arrhenius- 

type  equat ion [28]  : 

where C i s  a cons tan t ,  con ta in ing  e x p l i c i t l y  t h e  frequency of  t h e  l a t t i c e  

v i b r a t i o n s  and q is t h e  a c t i v a t i o n  energy f o r  t h e  volume d i f f u s i o n  of 

bismuth i n  indium. From Fig. 18,  an a c t i v a t i o n  energy of 0.73 eV/atom o r  

1 7  kcal lmole  can be c a l c u l a t e d  from t h e  averaged s lope.  There is  con- 

s i d e r a b l e  s c a t t e r  i n  t h e s e  d a t a  f o r  t h e  n a r r v v  temperature range a v a i l a b l e  

and, t h e r e f o r e ,  t h e  e r r o r  i n  t h e  a c t i v a t i o n  energy is i n  t h e  o r d e r  of 20%. 

An experiment was performed t o  i n v e s t i g a t e  t h e  adjustment t o  t h e  

equ i l ib r ium composition a t  -78.5 O C ,  t h e  temperature of dry  i c e .  When a t  

equ i l ib r ium a t  t h i s  low temperature t h e  a-phase w i l l  con ta in  only  approxi- 

mately 0.06 a t . %  B i  d i s so lved  and could be  considered a s  pure  indium. 

On the  o t h e r  hand, t h e  p r e c i p i t a t i o n  r a t e  is expected t o  b e  ve ry  smal l ,  

making t h e  determinat ion of  t h e  h a l f  t ime p r a c t i c a l l y  impossible.  

Two e u t e c t i c  samples were used: one, brought from room tempera- 

t u r e  equ i l ib r ium and t h e  o t h e r  from 0 O C  equ i l ib r ium t o  -78.5 O C .  I n  

both case*, a change i n  r e s i s t i v i t y  wi th  t ime was observed over  a per iod 
-n 

of one r - e * * k ,  i n d i c a t i n g  t h e  formation of In2Bi even a t  t h i s  low temperature.  3 
The e v a l u a t i o n  of t h e  d a t a ,  however, p resen ted  d i f i i ~ u l t i e s  because of t h e  

unknown value  f o r  p .  This parameter is needed f o r  t h e  p l o t  o f  t h e  rela- 

t i v e  r e s i s t i v i t y  w i t h  t h e  Avrami equat ion.  When we e s t i m a t e  P, b e i n g  





RECIPRCCAL ABS. TEMPERATURE (K") 

Fig. 18. Plot of the half-times of Eq. (10) vs. 1/T for In-Bi eutectic 
alloys. 



16.4 uRcm us ing  Eq. (3) ,  a s l o p e  va lue  of m = 0.35 and a h a l f  time 

of 47.8 y e a r s  w i l l  be obtained.  

No adjustment t o  therwodynamic equ i l ib r ium was found at  77 K ,  

t 5 e  temperature of l i q u i d  n i t rogen .  

2, OFF-EUTECTIC ALLOYS 

The e u t e c t i c  maberial is d i s t i n g u i s h e d  from o t h e r  b inary  a l l o y s  

by having t h e  lowest me l t ing  temperature.  Th i s  f a c t  is represen ted  i n  t h e  

mic ros t ruc tu re  of t h e s e  a l l o y s .  Whereas a e u t e c t i c  s t r u c t u r e  con ta ins  on ly  

s y s t e m a t i c a l l y  a l t e r n a t i n g  reg ions  of t h e  two s o l i d  phases,  an o f f - e u t e c t i c  

s t r u c t u r e  conta ins  a d d i t i o n a l  i s l a n d s  of e i t h e r  a-phase o r  In2Bi (Fig.  16b.c). 

This s t r u c t u r a l  d i f f e r e n c e  may very w e l l  h:.ve an in f luence  on t h e  p rec ip i -  

t a t i o n  behavior of In2Bi. 

We have cooled va r ious  o f f - e u t e c t i c  a l l o y s ,  t h e  thermal h i s t o r y  

of which is schemat ica l ly  shown i n  Fig. 19 ,  from room temperature t o  0 O C  

and followed the  adjustment t o  t h e  new equ i l ib r ium composition a t  0 " C  by 

r e - i s t i v i t y  measurements. The Avrami-type equat ion could aga in  b e  a p p l i e d  

t o  t h e  d a t a  and t h e  r e s u l t s  a r e  p l o t t e d  i n  reduced coord ina tes  i n  Fig. 20. 

It can be  seen t h a t  t h e  m a t e r i a l s  w i t h  d i f f e r e n t  Bi-concentra t ions  behave 

uniformly and t h a t  t h e  s l o p e  value  (r:=0.43) seems t o  b e  independent o f  t h e  

b i snu th  concentra t ion.  The hal f - t imes  a r e  very  much t h e  same, t h e  only  

except ion  being t h e  a l l o y  InO. gBiO. 

Af te r  t h i s  s e t  of samples had been kep t  and d a t a  had been taken 

st 0 O C  f o r  f i v e  weeks, they were quenched i n t o  room temperature water  of \ 
24 O C  and t h e  change i n  r e s i s t i v i t y  w a s  followed again  a s  a func t ion  of 

time. The c h t i r a c t e r i s t i c  va lues  f o r  the  s l o p e  111 a s  w e l l  a s  t h e  hal f - t ime 

t a r e  l i s t e d  i n  Table 7. The d a t a  f o r  a r ekea ted  coo l ing  t o  0 O C  (3 weeks) 

w i t h  a subsequent quench t o  room temperature f o r  a check of  r e p r o d u c i b i l i t y  

a r e  a l s o  contained i n  t h i s  t a b l e .  



Figrn  16b, c. Microstructures of in-Bi allays a) Eutrctic c ~ m p ~ ~ i t i o n e  
b )  Ino, 75Bi0 25 (w. %) 250X. 
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Fig. 20. Time dependence of the scaled r e s i s t i v i t y  for two-phase a l l oys  
of the In-InpBi subsystem, when quenched from room temperature 
t o  0 OC.  
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TABLE 7 jf 9 
,3 
d ' y 
-1 ;? SLOPE VALUES, HALF-TIMES AND RESISTIVITIES OF TWO-PHASE ALLOYS, 
* CYCLED BETWEEN 24 AND 0 O C  + . . 
:.! 

% 

B 

From a l l  t he  isothermal measurements, t he  following conclusions x 

can be drawn: 

1. The Avrami equation can be applied t o  t he  da ta  up t o  a t  l e a s t  

AP = 95%. However, a deviat ion from l i n e a r i t y  is not iced f o r  

e u t e c t i c  samples. The reason f o r  t h i s  behavior should l i e  i n  

20.68 22.2 25.85 33.50 49.59 

In0.75 
Bi0.25 

0.425 

2 70 

21.80 

0.47 

50 

26.20 

0.47 

330 

21.91 

In0.80 

Bi0.20 

0.425 

3 30 

18.59 

0.48 

46 

22.48 

0.44 

280 

18.65 

the  d i f f e r e n t  microstructure  of t he  e u t e c t i c  a l loy .  

InO.  85 

Bi0.15 - 

0.43 

2 70 

17.10 

Sample Compo- 
s i t i o n  (W.%) 

2 4 + 0  O C  

m 

t (min.) 
11 2 

(uQcm) 

0 + 2 4  O C  

m 

'"0.90 

Bi0.10 

0.45 

2200 

14.80 

0.58 

In0.663 
Bi0.337 

0.68 

2 70 

28.95 

0.61 

40 

33.68 

0.53 

500 

29.05 

t1.2 :;:I;; 
24'0 O c  

m 

t l I2  (min.) 

(~Rcm) 

0 + 2 4  O C  

In0.55 
Bi~.45 

0.67 

160 

45.00 

0.47 

28 

49.15 

contacts  

defect  

- 

18yy: 1 O;: 20 .. 76 

0.51 

1300 

15.03 

0.46 

400 

17.10 



2. The observed slope values of m range from 0.68 t o  0.42. The 

s lopes l a rge r  than 0.59 ( 3  cases) a r e  always associated with 

eu t ec t i c  o r  t rans-eu tec t ic  (In0,55Bi0,45) mater ia l s .  For off-  

eu t ec t i c  compositions between 10 and 25 w.% B i ,  t h e  s lopes a r e  

found between 0.59 and 0.42 ( 1 7  cases) with a probable dependence 

on temperature but not on Bi-concentration. 

3. The reproducib i l i ty  of t he  da ta  is not too good a s  can be seen 

from Table 7 and is most l i k e l y  caused by micros t ruc tura l  changes 

i n  t he  samples due t o  thermal cycling. There 1s only a f a i r  

reproducib i l i ty  of p,. Since t he  p rec ip i t a t i on  and disappearance 

of In2Ri is a dynamic e f f e c t ,  it may w e l l  be t h a t  t h e  obtained 

r e s u l t s  weakly depend on the  thermal h i s to ry  of t h e  macerial. 

We have shown t h e  f e a s i b i l i t y  of following the  isothermal pre- 

c i p i t a t i o n  of In2Bi from a l loys  by means of r e s i s t i v i t y  measurements. It 

is  es tab l i shed  t h a t  even a t  -78.5 O C  t he  two-phase a l l oys  a r e  not i n  a 

"frozen" s t a t e .  The p rec ip i t a t i on  proved t o  be a thermally ac t iva ted  process 

and the  ac t i va t ion  energy could be determined with those experiments. The 

p rec ip i t a t i on  of a phase always involves t he  process of nucleat ion and 

growth by d i f fus ion .  Since, i n  a l l  cooling o r  heat ing experiments, t h e  

phase p rec ip i t a t i ng  was already present i n  t he  microstructure  of t h e  a l l o y ,  

the  e f f e c t  of nucleat ion seemed obviously less dominant than the  mechanism of 

growth. It is known [28] t h a t  t he  time dependence of t he  r e s i s t i v i t y  can be 

used t o  draw conclusions about t he  geometry of the  growing pa r t i c l e s .  How- 

ever ,  s i nce  microscopic s tud i e s  of t h e  two phase s t r u c t u r e  of the  a l l o y s  

have not been undertaken, the  discussion of t h i s  t c p i c  w i l l  be reviewed. 

3 THE DECOMPOSITION OF SUPERSATURATED a-PHASE 

The decomposition of supersaturated a-phase a s  an example f o r  a 

s o l i d  s t a t e  reac t ion  is demonstrated on a sample containing 85 w.% In. 

According t o  t h e  phase diagram, the a-phase fo r  t h i s  composition is s t a b l e  

between 92 and 58 O C ,  and i t s  temperature-dependent r e s i s t i v i t y  has  a l ready 

been discussed. Below 58 O C ,  t.he mater ia l  decomposes i n  a-phase and In2Bi. 

The sample used had a s l i g l t l y  lower c r i t i c a l  temperature of decomposition 

(52 OC) . 



i.. : j  

We have quenched t h i s  sample from t h e  single-phase region (65 O C )  

repeatedly  t o  var ious  temperatures below t h e  s o l v u s  l i n e  i n t o  t h e  two-phase 

region as  ind ica ted  i n  Fig. 19. The p r e c i p i t a t i o n  of In2Bi was monitored 

by r e s i s t i v i t y  measurements. Unlike t h e  of f - e u t e c t i c  samples desc r ibed  

e a r l i e r ,  t h i s  sample contained no second phase a t  t h e  s t a r t i n g  temperature 

and, t h e r e f o r e ,  t h e  formation of c r i t i c a l  s i z e  n u c l e i  and t h e i r  i sothermal  

growth w i l l  b e  observed wi th  t h e  changing r e s i s t i v i t y .  

The measured vo l tage  drop a s  a func t ion  of time f o r  d i f f e r e n t  

decomposition temperatures is p l o t t e d  i n  Fig. 21. It may be  no t iced  t h a t  

a f t e r  a temperature-dependent induc t ion  (holding) per iod,  t h e  r e s i s t i v i t y  

decreases  f a s t e r  than l i n e a r .  The induct ion per iod exceeded 3 h r s .  f o r  t h e  

temperature o f  47.0 and 47.9 O C .  It is assumed t h a t  dur ing t h i s  holding 

per iod,  t h e  nuc lea t ion  of In2Bi c l u s t e r s  occurs ,  whereas f o r  h igher  va lues ,  

t h e  growth o f  t h e  p a r t i c l e s  is  r e f l e c t e d .  The number of c l u s t e r s  ( n u c l e i )  

forxned per  u n i t  t i n e  i n c r e a s e s  wi th  t h e  temperature d i f f e r e n c e  AT, t h e  amount 

of supercooling.  

It is indeed s u r p r i s i n g  t h a t  a l l  t h e  r e s i s t i v i t y  readings  could 

again  be f i t t e d  t o  t h e  Avrami equation a t  l e a s t  up t o  A P  = 50%. The r e s u l t s  

a r e  shown i n  Fig. 22. We can s e e  from t h i s  graph t h a t  a AT of only 17.6 O C  

induces a very high reac t ion  r a t e  and causes t h a t  a t  34.4 O C  a f t e r  only  1 min, 

50% of t h e  even tua l  change i n  r e s i s t i v i t y  has a l r e a d y  occurred.  It can be 

s t a t e d  from t h e s e  d a t a  t h a t  a f t e r  10 min, t h e  sample is e s s e n t i a l l y  (99%) i n  

its equ i l ib r ium s t a t e .  For even l a r g e r  AT va lues ,  t h e  r e a c t i o n  r a t e  w i l l  

even tua l ly  decrease  again  bu t  we were no t  able ,due t o  t h e  thermal l a g  of t h e  

sample, t o  demonstrate t h i s  behavior.  What cannot be seen from t h e  p l a i n  d a t a  

(Fig.  21) is t h e  f a c t  t h a t  t h e  exponent m shows a s t r o n g  dependence on t h e  

temperature d i f f e r e n c e  AT. Th is  temperature dependence of m i s  s e p a r a t e l y  

demonstrated i n  Fig. 23. It is very  l i k e l y  t h a t  t h e  maximum va lue  of t h e  

exponent a t  44.9 O C  may be  a s s o c i a t e d  with t h e  locus  of t h e  sp inoda l  curve f o r  < 

7 
t h i s  b ina ry  system. The sp inoda l  de f ines  f o r  any composition a temperature  ,f 

2 
below which a quenched a l l o y  w i l l  decompose by segregat ion wi thout  t h e  -3 

n e c s s s i t y  of thermal a c t i v a t i o n .  Above t h i s  temperature,  segrega t ion  r e q u i r e s  I 

an a c t i v a t i o n  energy which should i n c r e a s e  wi th  t h e  temperature,  according t o  '5 
C 

an hypothesis  by Borel ius  [29] .  .2- .! 









Ir c o n t r a s t  t o  t h e  r e s u l t s  obta ined f o r  t h e  two-phase a l l o y s  

( e u t e c t i c  and o f f - e u t e c t i c  s t r u c t u r e s ) ,  t h e  half- t ime f o r  t h e  a-phase 

dec reases  wi th  t h e  amount of  supercool ing AT a s  w e l l  a s  wi th  temperature .  

Fur the r  i n v e s t i g a t i o n  of t h i s  behavior  is needed on samples w i t h  5, 10, 

and 20 w . %  B i  t o  i n t e g r a t e  t h e s e  r e s u l t s  wi th  e x i s t i n g  n u c l e a t i o n  and 

growth theor ies .  



V .  SUPERCONDUCTING .- - - TRANS ITION TEMPERATURES OF IN-BI AI 1 OYS 

1, S I NGLE- PHASE ALLOYS 

The t r a n s i t i o n  temperatures  of va r ious  In-Bi a l l o y s  were mea- 

su red  in order  t o  c o r r e l a t e  t h e  superconducting p r o p e r t i e s  of t h e  m a t e r i a l s  

wi th  t h e i r  phase s t a t u s  and e l e c t r i c a l  behavior.  This  procedure is app l i -  

c a b l e  because t h e  s ing le -phase  m a t e r i a l s  a r e  e i t h e r  superconductors wi th  

d i f f e r e n t  t r a n s i t i o n  temperatures  ( s e e  Table 8) o r  nonsuperconductors down 

t o  1.5 K, t k e  lowest temperature ob ta inab le  by us. 

TRANSITION TEMPERATURES OF SINGLE-PHASE In-Bi ALLOYS 

Midpoint of 
Composition T r a n s i t  ion  (K) Reference - 

In  3 . 4 1  E. A. Lynton [ 3 0 ]  

3 . 4 0  This  i n v e s t i g a t i o n  

5 . 6  R .  E .  Jones  [ 3 1 ]  

5.7 J .  V .  Hutcherson [ 3 2 ]  

5 . 4 6  - 5 . 7 6  This  i n v e s t i g a t i o n  

J. V. Hutcherson [ 3 2 ]  

E. Cruceanu [ 3 3 ]  

This  i n v e s t i g a t i o n  

< 0 . 5  J .  V .  Hutcherson [ 3 2 ]  

< 1.5 This  i n v e s t i g a t i o n  

Using t h e  a-c inductance technique [ 3 5 ]  f o r  measuring t h e  

superconducting t r a n s i t  ion ,  a s i n g l e  t r a n s i t i o n  curve  is  obta ined f o r  a 

single-phase superconductor,  wi th  t h e  change i n  inductance be ing  p r o p o r t i o n a l  



t o  t h e  volume of t h e  superconducting mate r ia l .  The a-r inductiince +cctiniqur! 

makes use of t h e  Meissner e f f e c t  where n superconductor expe l s  m ~ g i l t ~ i c  f l u x  

from i ts  i n t e r i o r  by e s t a b l i s h i n g  superconducting eddy c u r r e n t s  on i t s  surface .  

I f  t h e  sample is composed of two superconducting phases wi th  d i f f e r e n t  t r a n s i -  

t i o n  temperat!lres, two t r a n s i t i o n s  a r e  picked up, provided t h a t  t h e  volume 

f r a c t i o n  of t h e  h igher  Tc phase is  small. I f  t h e  p o r t i o n  of t h e  phase wi th  

t h e  higher  t r a n s i t i o n  temperature exceeds a c e r t a i n  c r i t i c a l  va lue ,  super- 

conducting s u r f a c e  c u r r e n t s  i n  t h i s  phase can cover t h e  whole sample and thus  

s h i e l d  t h e  t r a n s i t i o n  of t h e  second phase. The t r a n s i t i o n  curve f o r  such a 

sample then is  l i k e  t h e  one obta ined on o single-phase m a t e r i a l  [35] .  

2, TWO-PHASE ALLOYS 

Fig. 2 4  conta ins  t h e  measured t r a n s i t i o n   temperature^ of s i n g l e  

and two-phase a l l o y s  wi th  t h e  phase boundaries taken from re fe rence  [8,9,10).  

The b a r s  i n d i c a t e  t h e  onset  and t h e  end of t h e  t r a n s i t i o n ,  whereas a c i r c l e  

marks its h a l f  p o i n t ,  c a l l e d  t r a n s i t i o n  temperature Tc. There a r e  concen- 

t r a t i o n  regions  in which t h e  Tc of t h e  samples is e i t h e r  s e n s i t i v e l y  dependent 

o r  independent of t h e  B i  concentra t ion.  

The t r a n s i t i o n  temperature of a- In  cp t o  t h e  s o l u b i l i t y  l i m i t  

of 7.1 w.% a t  room temperature inc reases  near ly  l i n e a r l y  with t h e  amount 

o f  B i  d issolved.  It should be noted,  however, t h a t  Chanin e t  a l .  [36] 

repor ted an i n i t i a l  drop i n  Tc of 16mK f o r  very smal l  B i  i m p u r i t i e s  up t o  

0.5 w.% before  t h e  t r a n s i t i o n  ternptrature shows t h e  inc reas ing  t rend .  Th is  

behavior can be explained wi th  t h e  valency e f f e c t  [37,38] and w i l l .  be 

discussed l a t e r .  

Samples con ta in ing  more than 7 . 1  and l e s s  than 46.5 w.% B i  a r e  

two-phase and composed of a-In and In2Bi. Due t o  t h e  h igher  'LC of h 2 B i  

compared with t h a t  of t h e  s a t u r a t e d  a-phase, t h e  appearance cf  In2Bi can b e  

monitored by measuring the  t r a n s i t i o n  temperature of a l l o y s  wi th  i n c r e a s i n g  

B i  concentra t  ion. This f a c t  is demonstrated on t h e  m a t e r i a l  In0.gBio.1 (w.X) 
:A 

which is  composed mostly of a-In (92 Vo1.X) and a smal le r  amount of Iu2Bi  2 
$2. 

(8  Vo1.X). i.s expected,  t h e  t r a n s i t i o n  is  c l e a r l y  s p l i t  up i n t o  t h e  t r a n s i t i o n  
? 





f o r  :n2Bi a t  5.41 K and a - In  occurr ing at 4.56 K,  according t o  Fig. 25 .  

The por t ion  of t h e  measured t r a n s i t i o n  due t o  In2Bi is approximately 10%. 

The same e f f e c t  is t r u e  f o r  t h e  m a t e r i a l  In0.85Bi0.15 (w.%) con ta in ing  

20 ~ o l . %  In2!31. For the  15 w.% B i  case,  t h e  t r a n s i t i o n  t o  superconduct ivi ty  

is extended over t h e  same temperature range, and t h e  two t r a n s i t i o n s  a r e  no 

longer c l e a r l y  resolved a s  ind ica ted  by t h e  l a r g e r  b a r  o f  Fig. 24. The Tc 

only of In2Bi is  observed on t h e  sample I n 0 , 8 B i ~ . ~  (w.%), al though t h e  a l l o y  

s t i l l  conta ins  both phases. The In2Bi phase which c o n s t i t u t e s  apprcximately 

35 s o l . %  of t h e  a l l o y  now obvicusly  forms a continuous s u r f a c e  l a y e r  and is 

a b l e  t o  s h i e l d  t h e  t r a n s i t i o n  of t h e  a-phase which would occur a t  4.56 K. 

Now, regard less  of composition up t o  a Bi-concentration of 46.5 w.%, 

a l l  samples e x h i b i t  t h e  t r a n s i t i o n  of t h e  In2Bi phase on1.y. A s  can be taken 

from Fig. 24, t h e  Tc of In2Bi as p a r t  of t h e  two-phase a l l o y  is  5.45 - + 0.05 K, 

t h e  uncer ta in ty  being caused by t h e  l imi ted  temperature s t a b i l i t y .  The Tc o f  

t h e  a-phase, i f  not  shie lded by eddy c u r r e n t s  would be accordingly  constant  

a t  4.56 K. 

P e r e t t i  and Carapel la  [ 9 ]  have determined t h e  homogeneity range 

f o r  t h e  intermet. ' l i c  compouqd In2Bi t o  l i e  between 46.5 and 47.5 w.% B i .  

This region of single-phase s t a t u s  does n o t ,  however, inc lude  t h e  stoichiomet- 

r i c  composition which would occur a t  47.65 w.2 B i .  We have c a s t  f i v e  samples 

i n  t h e  concentra t ion range frorr, 46.6 t o  47.9 w.% B i  w i th  a 0.4 w.% increment 

and measured theG.r t r a n s i t i o n  temperature. The Tc va lues  f o r  t h e s e  a l l o y s  

increases  with inc reas ing  B i  content  and reaches i t s  maximum of 5.8 K a t  

47.9 w.% B i .  This 0.3 K inc rease  i n  Tc is most l i k e l y  due t o  improved atomic 

order ing in t h e  compound, wi th  t h e  s to ich iomet r ic  coiiposit ion having t h e  

maximum Tc. The e f f e c t  of order ing a t  t h -  s to ich iomet r ic  composition h a s  been 

observed and inves t iga ted  3n many compounds. We have no t  checked t h e  o rder  

parameter in  our mate r ia l s  nor t h e i r  homogeneity o r  phase s t a t u s ;  however, 

t h e  T, measrlrements can only be exnlained when t h e  homc s n e i t y  range of t h e  

In2Bi phase is extended. Fio fu : tq -  i n v e s t i g a t i o n s  ccncerning t h l s  problem 

have been made. 

According t o  t h e  phase diagram, a l l o y s  i n  t h e  concentra t ion 

range between 47.65 and 52.21 w.% B i  have again  a two-phase s t a t u s  wi th  

?n:ai and t h e  l i n e  compound In5Bi3 i n  coexistence.  Th is  f a c t  n e c e s s i t a t e s  





that .  in  such samples, two t r a n s i t i o n s  should be observed. Since t h e  e f f e c t  

of sh ie ld ing  occurs again,  the  higher Tc of only In2B3. is measured (Fig. 24). 

In the  concentration range between 52.25 and 64.54 w.% B i ,  t h e  

compounds In5Bi3 and InBi coexis t .  Whereas, the  compound In5B!.3is a 

superconductor with a Tc of 4.2 K (Fig. 24) ,  t he  compound InBi is not  a super- 

conductor down t o  1.5 K [41. Alloys i n  t h i s  concentration region show,accord- 

ingly, only one t r a n s i t i o n  a t  4.2 K with t he  inductance s igna l  being propcrt ional  

t o  t h e  amount of IngBi3 phase present i n  t h e  a l loy .  The sample with the  s t o i -  

chiometric composition In5Bi3 became superconducting a t  4.2 K and d id  not  show 

any indicat ion of superconductivity a t  5.8 K which would haire indicated t h e  

presence of a small amount of In2Bi phase. On the  other  hand, a sample with 

64.08 w.% B i  whose composition i~ very c lose  t o  InBi, showed no superconduc- 

t i v i t y  down t o  1.5 K,  ind ica t ing  tha t  InBi is not  a l i n e  compound a s  published 

in the  phase diagram but has  a t  l e a s t  a homogeneity range of 0.5 w.%. No 

compounds o ther  than InBi and the  element bismuth i t s e l f  occur a t  ambient 

pressure i n  t h e  concentration range from 64.54 t o  100 w.% B i .  A supercon- 

ducting t r a n s i t i o n  f o r  InBi, i f  i t  should be found, would occur a t  less than 

0.5 K [32]. 

The semimetal B i ,  with t h e  rhombohedra1 s t ruc tu re ,  i s  a r a the r  

poor conductor which is not superconducting down t o  0.005 K [34]. However, 

severa l  modifications of B i  under hydros ta t ic  pressure a r e  known t o  have a 

pronounced meta l l i c  character  and exh ib i t  superconduct ing behavior [ 39 1. 
Abrupt changes i n  the  superconducting t r a n s i t i o n  temperature occur f o r  B i  

a t  25.2 kbar (Tc = 3.9 K) , a t  27.0 kbar (Tc = 7.25 K) , and a t  80 kbar 

(Tc = 8.3 K). These va r i a t i ons  i n  t h e  c r i t i c a l  temperature appear t o  corres- 

pond t o  rearrangements i n  the  e l ec t ron i c  s t r u c t u r e  of t h e  c r y s t a l  a t  t he  

phase t r ans i t i on .  Determination of t h i s  s t ruc tu re  has not ye t  been 

successful  [12]. 



3, THE TRANS I T  ION TEMPERATURE OF METASTABLE (1-PHASE 

The s o l u b i l i t y  l i m i t  f o r  u-In a t  room temperature is 7.1 

w.% B i  a s  s t a t e d  i n  t h e  previous  s e c t i o n ,  whereas, a t  72 O C ,  a maximum of 

20.5 w.% B i  can be randomly d i s so lved  i n  t h e  I n  l a t t i c e  [ 9 ] .  %In wi th  

20.5 w.% B i  is metas table  below 72 "C and w e  were a b l e  t o  r e t a i n  a c e r t a i n  

a m u n t  of t h i s  metas table  phase by quenching small  p i e c e s  of m a t e r i a l  

(approximately 0.5 g) i n  l i q u i d  n i t rogen .  P r i o r  t o  t h e  quenching, t h e  

m a t e r i a l  was annealed and homogenized f o r  s e v e r a l  hours a t  72 "c. 

The t r a n s i t i o n  temperatures f o r  both  t h e  s t a b l e  and metas tab le  

a-phase, up t o  20 w.% B i ,  are showrl f n  Fig.  26. The i n c r e a s e  of t h e  Tc 

va lues  wi th  Bi  concentra t ion proceeds smoothly between t h e  s t a b l e  and meta- 

s t a b l e  samples. I n  a d d i t i o n ,  t h e  following observa t ions  should be  noted.  

The sample con ta in ing  10 w.% B i  i n  i ts equ i l ib r ium s t a t e  a t  

room temperature showed two t r a n s i t i o n s ,  w h ~ r e a s ,  i n  t h e  quenched s t a t e ,  

i t  had on ly  one t r a n s i t i o n  wi th  a h a l f p o i n t  a t  4.86 K. The superconduc t iv i ty  

measurements exclude t h e  presence of In2Bi phase (with a por t ion  of more than 

0.2 vol.%) and, t h e r e f o r e ,  t h a t  quenched sample appears  t o  be s i n g l e  phase. 

The sample con ta in ing  1 5  w.% B i  i n  i ts  quenched s t a t e  became 

superconducting at  5.43 K wi th  only  a s i n g l e  t r a n s i t i o n  obr- rzble. SO far, 

t h e  t c  value  does no t  exclude t h e  formation of In2Bi (Tc 5.46 K) dur ing  

t h e  quenching process. However, t h e  t r a n s i t i o n  width i n  t h e  quenched a l l o y  

when compared wi th  t h e  equ i l ib r ium sample was reduced considerably  and it 

can be concluded t h a t  i t  is t h e  Tc of t h e  a-phase which was increased to  

5 .34  K. 

Two t r a n s i t i o n s  were observed i n  t h e  quenched sample of t h e  

composition In0. 8Bi0.2 (w.%). The f i r s t  t r a n s i t i o n  occurred a t  5.76 !: 

where 10% of t h e  m a t e r i a l  became superconductj.ng and t h e  main t r a n s i t i o n  was 

found a t  5.44 K ,  caused by t h e  superconduct ivi ty  of In2Bi. This  sample w a s  

annealed f o r  20 h r s  a t  room temperature and when remeasured, t h e  t r a n s i t i o n  

a t  5.76 K had disappeared.  



Bi - CONCENTRATION (W.5) 

Fig. '6. The transit ion temperature for stable  and metastable a-In 
phase. The value for the isostructural compound In5Bi3 has 
been included and a dashed curve with the corresponding s lope 
has been drawn through the data point.  



More than 20.5 w.% B i  cannot be d i s so lved  in t h e  face-centered 

t e t r a g o n a l  l a t t i c e  of indium without t h e  s t r u c t u r e  becoming i n s t  able .  How- 

ever ,  i t  is expected,  according t o  Fig. 26, t h a t  t h e  t r a n s i t i o n  temperature  

of t h e s e  samples would inc rease  f u r t h e r  i f , b y  some means, t h e  s o l u b i l i t y  

could be increased f u r t h e r .  Also, p l o t t e d  in Fig.26 is t h e  t r a n s i t i o n  t e m -  

pe ra tu re  of t h e  i s o s t r u c t u r a l  compound In5Bi3. We have s t a t e d  e a r l i e r ,  on 

t h e  b a s i s  of r e s i s t i v i t y  measurements, t h a t  IngBi3 seems t o  be a s t a b l i z e d  

combination of t h e  a-phase. We have, t h e r e f o r e ,  drawn a curve wi th  t h e  

same s lope  through t h i s  d a t a  po in t  a s  i t  is evident  on t h e  r i s i n g  s i d e  of 

t h e  curve. With t h i s  premise, it is reasonable  t o  assume t h a t  t h e  a-phase 

wi th  30 w.% Biwould  have a maximum t r a n s i t i o n  temperature i f  it could be 

synthesized.  

We w i l l  now d i s c u s s  t h e  v a r i a t i o n  of t h e  t r a n s i t i o n  temperature 

of t h e  a-phase wi th  inc reas ing  bismuth concentra t ion us ing  t h e  theory of 

Markowitz and Kadanoff (401. According t o  t h e i r  cons idera t ions ,  t h e  change in 

t r a n s i t i o n  temperature,  caused by a nonmagnetic s o l u t e ,  is t h e  sum of two 

terms, t h e  mean-free path  e f f e c t  and t h e  valence e f f e c t .  A s  an impuri ty  is 

added t o  t h e  pure element in t h e  concen t ra t ions  of a few t e n t h s  of an atomic 

percent ,  t h e  mean-free path of t h e  e l e c t r o n s  is  shortened and t h e  t r a n s i t i o n  

temperature of t h e  m a t e r i a l  is  simultaneously lowered. When t h e  normal state 

e l e c t r o n i c  mean-free path is reduced t o  a va lue  somewhat smal le r  than t h e  

superconducting coherence l eng th  i n  t h e  pure element, t h e  valence e f f e c t  

becomes dominant. The valence e f f e c t  depends on t h e  valence d i f f e r e n c e  of 

t h e  solvent  i n  r e l a t i o n  t o  t h e  s o l u t e ,  and o : ~  t h e  mean-free pa th  reduc t ion .  

Whereas t h e  shor ten ing  of t h e  mean-free path always r e s u l t s  i n  a decrease  

i n  T,, t h e  valence e f f t c t  can have e i t h e r  s i g n  and is t h e  most d i f f i c u l t  t o  

represen t  i n  a simple formalism. 

The change i n  Tc can be f i t  i n  a number of s o l i d  s o l u t i o n s  based 

on Sn, A l ,  and In  [ 3 7 ,  381 with  an express ion of t h e  form 



where x is t h e  atomic concentra t ion of t h e  s o l u t e  and kl and k2 a r e  

mate r ia l  dependent constants .  In t h i s  equat ion,  t h e  second term d e s c r i b e s  

t h e  mean-free-path e f f e c t ,  whereas, both  mean-free-path and valence e f f e c t s  

a r e  contained i n  kl of t h e  f i r s t  term. For s u f f i c i e n t l y  s m a l l  x ,  t h e  second 

term should dominate. 

A p l o t  of AT,lx versus  I n  x, a s  undertaken i n  Fig.  27, should 

y i e l d  a  s t r a i g h t  l i n e  when above cons idera t ions  a r e  a p p l i c a b l e  t o  t h e  ,x-In 

phase. For small B i  concentra t ions  up t o  1.4 a t  .% (25 w.%) and us ing  mostly 

t h e  d a t a  of Ref. [37,41], t h e  observed inc rease  i n  t r a n s i t i o n  temperature is 

i n  accordance wi th  Eq. (10). However, a  marked dev ia t ion  from t h e  l i n e a r i t y  

occurs  f o r  B i  concentrations h igher  than 1.4 a t . % ,  and t h e  measured i n c r e a s e  

of T, is  smal ler  than t h e  t h e o r e t i c a l l y  expected value.  The d e v i a t i o n  from 

Eq. ( l o )  may be caused by s e v e r a l  a d d i t i o n a l  e f f e c t s .  For example, a t  high 

B i  concentra t ions ,  t h e  impurity atomsdo no t  a c t  independently of each o t h e r  

a d  t h e i r  c o n t r i b u t i o n  t o  T, is no longer a  simple a d d i t i v e  e f f e c t .  Another 

in f luence  may be t h a t  t h e  average v e l o c i t y  of t h e  e l e c t r o n s  a t  t h e  Fermi 

s u r f a c e  changes s t ronger  by a l l o y i n g  than is accounted f o r  in t h e  reduct ion 

of t h e  mean-free path  [42  I .  
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APPENDIX A 

THE DENSITY OF INDI UM-BI SMUTH ALLOYS* 

G u e n t h e r  H .  O t t o  
The U a i v e r s i t y  o f  Alabama i n  H u n t s v i l q e ,  P h y s i c s  D e p a r t m e n t  

H u n t s v i l l e ,  Alabama 35807 ( U . S . A . )  

ABSTRACT 

The dens i ty  of var ious In-Bi a l l oys  a t  room temperature was measured 

by the  buoyancy technique. With increas ing  Bi-concentration i n  t he  a l l o y s ,  

t he  dens i ty  increases  smoothly between the  values  f o r  t he  te*&nal elements 

111 and B i .  No maxima occur a t  any of t h e  compositions which correspor~d t o  

t h e  i n t e r m e t a l l i c  compounds In2Bi, In5Bi3 and InBi. For InBi, which f s  

me ta l l i c  i n  conttmst t o  o ther  aemiconducting 111-V compounds, a r e l a t i v e  

decrease i n  s p e c i f i c  volume by 2.9% is found. The experimental dens i ty  

da t a  Eor Bi-concentrations up t o  50 at .% may be  e x p r e s ~ e d  i n  an add i t i ve  
O 3 fashion by a t t r i b u t i n g  a mean atomic volume of 33.8 A t o  t h e  bismuth atom 

O 3 ins tead  of t he  conventional value of 35.4 A . The b isnuth  atom, t he re fo re ,  

a c t s  i n  t h e  a l l oys  with a densi ty  i t  would have at zoom temperature i n  i t 5  

supercooled l i q u i d  s t a t e .  

*Work supported by NASA Contract NAS8-278C9 with Marshall  Space F l igh t  Center. 
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Thc d e n s i t y  a s  a m a e r ~ s c o p i c  p roper ty  of m a t e r i a l s  is e s s e n t i a l l y  

determined by atomic parameters such as  c r y s t a l  s t r u c t u r e ,  l a t t i c e  spac ing  

and atomic mass. I n  a  b ina ry  a l l o y  system with  continuous s o l i d  s o l u b i l i t y ,  

t h e  d e n s i t y  changes smoothly w i t h  t h e  amount of t h e  second component (Vegard's 

r u l e ) ;  however, t h i s  behavior  i n  no longer  n e c e s s a r i l y  t h e  case  when t h e  

formation of a compound occurs  [ I ] .  The rearrangement of t h e  atoms i n  a  

d i f f e r e n t  s t r u c t u r e  and t h e  c o r r e l a t e d  change o f  t h e  e l e c t r o n i c  bonds r e s u l t s  

iri a volume expansion o r  c o n t r a c t i o n  r e l a t i v e  t o  t h e  coi ...s t i t u e n t s .  !* r e a s  

t h e  fomation of compounds between t r a n s i t i o n  and nun- t rans i t ion  elements 

normally r e s u l t s  i n  a vo lure  decrease ,  t h e  semicondtlcting 111-V compounds 

l i k e  InP, InAs, InSb a r e  c ,ha rac te r i zed  bv l a r g e  i n c r e a s e s  i n  volume [ 2  1 ,  
As a r u l e ,  t h e r e  e x i s t s  a  d i s t i n c t  p r o p o r t i o n a l i t - .  between t h e  decrease  i n  

i n t e r a t o m i c  d i s t a n c e s ,  t h e  change of s p e c i f i c  vclume and t h e  h e a t s  of r e a c t i o n  

i n  compound formation [ 1 , 3 ] .  The use of AV d a t a  t o  d e r i v e  changes i n  entropy and 

enthalpy i n  l i q u i d  a l l o y  systems has been d e m n s t r a t e d  by Prede l  and Eman [31.  

We heve i n v e s t i g a t e d  t h e  behavior  of t h e  d e n s i t y  i n  t h e  In..Bi a l l o y  

system which con ta ins  s e v e r a l  s t a b l e  and metas tab le  phases  [4,5]. Consti- 

t u t i ~ n  diagram [ 4 , 5 , 6 ]  and c r y s t a l  s t r u c ~ u r e s  [ 7 , 8 , 9 ]  have been i n v e s t i g a t e d  

by s e v e r a l  au thors  s o  t h a t  we a r e  a b l e  t o  e x a c t l y  c o r r e l a t e  t h e  exper imental  

d e n s i t i e s  wi th  t h e  phase s t a t u s  of t h e  a l l b y ,  Of s p e c i a l  i n t e r e s t  was t h e  

1 1 1 - V  compound InBi because i t  is n o t  a  bemiconductor and e x h i b i t s  m e t a l l i c  

c h a r a c t e r  [ l o ] .  The d e n s i t y  of l i q u i d  In-Bi a l l o y s  h a s  been i n v e s t i g a t e d  

recent!:- [3,11] and a  volume i n c r e a s e  upon a l l o y i n g  h a s  been i epor ted .  This  

volume expansion is  e x a c t l y  t h e  t r e n d  onc would expect  f o r  a  semiconducting 

a l l o y  s y s  tern. 



P o l y c r y s t a l l i n c  samples of vclrinus co~nyos i t ions  lnl-xHi, were pre- 

pared from high p u r i t y  (99.999%) indium and bismuth p e l l e t s .  The cor res -  

ponding compositions were wc'ghed and t h e  m a t e r i a l  was melced i n  a pyrex 

beaker under s i l i c o n e  o i l  on a hot  p l a t e .  Ingo t s  were c a s t  i n  a c y l i n d r i -  

cally-shaped s p l i t  g r a p h i t e  mold and a f t e r w a d s  s e c t i o n e d  i n t o  two o r  

t h r e e  p ieces  ~ - ' t h  a mass of a?proxiniately 3 g r a m  each.  The d e n s i t y  of  t h e  

s e c t i o n s  a t  24 "C was determined by t h e  buoyancy technique u: :ng d i s t i l l e d  

water.  Correct ions  were a p p l i e d  f o r  t h e  weight of  t h e  ~ o u n t i n g  w i r e  and f o r  

t h e  temperature depecdent d e n s i t y  of t h e  d i s t i l l e d  water .  The d e n s i t y  o f  

two sample ha lves  never d i f f e r e d  by more than  0.3%. Such an e r r o r  can b e  

a t t r i b u t e d  t o  inhomogeneit ies i n  t h e  m a t e r i a l  and tc micro-voids r a t h e r  than  

t o  t h e  accuracy (0.11) - . '-ie d e n s i t y  de te rmina t ion  i t s e l f .  

Debye-Scherrer X-ray d a t a  were t a t e n  from selected s i n g l e  phase  a l l o y s  

i n  o r d e r  t o  compare t h e  exper imenta l  d e n s i t i e s  w i t h  t h o s e  ob ta ined  from t h c  

dimensions of t h e  u n i t  c e l l .  Samples c o n s i s t i n g  of two phases  were anneaied 

a t  room t e w e r a t u r e  f o r  s e v e r a l  months a d  could be  considered t o  be  i n  

s t r u c t u r a l  equi l ibr ium.  This f a c t  had been v e r i f i e d  by measuring t h e  t i m e  

dependence of  t h e  e l e c t r i c a l  r e s i s t i v i t y  on s p e c i a l l y  prepared w i r e s  [12]. 

The d e n s i t y  measurements a r e  par;  c f  a broader  e f f o r t  t o  c h a r a c t e r i z e  mul t i -  

phase m a t e r i a l s  by  t h e i r  e l e c t r i c  and superconduct ing p r o p e r t i e s  a ? d  a r e  

descr ibed elsewhere [13]. 



The average value of t he  d e n s i t i e s  obtained from t h e  two halves  of a 

sample a r e  p lo t t ed  i n  Figure 1 a s  a function of t h e  bismuth concentrat ion 

up t o  50 a t .%.  It can be  seen tha t  t he  densi ty  of t he  a l l o y s  increases  

smoothly with t he  Bi-content and t h a t  the occurrence of t h e  i n t e r m e t a l l i c  

compounds In2Bi, IngBig, and InBi apparently does not  in f luence  t h i s  behavior 

wi th in  t he  accuracy of the  measurements. In  order  t o  Increase t h e  s e n s i t i v i t y  

of t h e  s c a l e  i n  Fig. 1, the  8a t a  f o r  t h e  following samples with high B i  con- 

cen t r a t i ons  have been omitted: In0.6Bi0.4, InO,lBiO,g, and B i ,  whose densi- 

t ies are: 9.18, 9.65, and 9.80 g/cm3, respec t ive ly .  With t h e  exception of B i ,  

t he se  samples a r e  two-phase, cons i s t i ng  of InBi and B i  i n  corresponding 

proport ions. 

Since f i v e  s i n g l e  phase regions occur i n  the  a l l oy ing  system, t h e  experi-  

mentally obteined d e n s i t i e s  of these  mater ia l s  may be compared with t h e  dens i ty  

ca lcu la ted  from X-ray d a t a  of t he  un i t  c e l l .  The r e s u l t s  of t h i s  computation 

using l a t t i c e  parameters from our own measurements and var ious o ther  sources  

are given i n  Table 1. The agreement of t h e  d e n s i t i e s  i n  a l l  cases  i s  exce l l en t  

and nowhere devia tes  by more than 0.6%. It a l s o  r e f l e c t s  t h e  expected low concen- 

t r a t i o n  of vacancies i n  these  a l l o y s  114). 

The change i n  t h e  s p e c i f i c  volume upon compound formation can be  calcu- 

l a t e d  from the  experimental d e n s i t i e s  a s  [3] 

where V, and Vi a r e  t he  s p e c i f i c  volume of t he  a l l o y  and of each of t he  com- 

ponents respec t ive ly .  AV values  obtained from X-ray d a t a  of s i n g l e  phase 

ma te r i a l s  a r e  a l so  l i s t e d  i n  Table 1. It may be noted t h a t  f o r  a l l  t h r ee  

compounds which a r e  s t a b l e  a t  room temperature, a volume cont rac t ion  upon 

a l l oy ing  i s  observed. The change in s p e c i f i c  volume i s  l a r g e s t  f o r  InBi 

wi th  -0.54 ~ r n ~ / ~ - a t o r n  -r equivalent  t o  a shrinkage of 2.9%. 



The change i n  s p e c i f i c  volume for  the s i n g l e  and multiphase a l l o y s  is 

given i n  Fig. 2. I r r ega rd l e s s  of the  phase s t a t u s  of t he  a l l o y ,  AV seems t o  

decrease proport ional ly  t o  t he  B i  concentrat ion up t o  50 st.% B i .  The small 

devia t ions  of t he  experi.menia1 da t a  from l i n e a r i t y  in  t he  two-phase region 

In5Bi3 - InBi a r e  p rob~ i - ly  caused by microcracks i n  t h e  samples which develop 

upon thermal cycl ing b.f InBi. Some samples bad been cooled t o  4.2 K a t  l e a s t  

once f o r  superconducti  i t y  measurements p r io r  t o  t h e  dens i ty  determination. 

It has been shown by La1 e t  a l .  [20] t h a t  t he  thermal e ~ p a n s i o n  c o e f f i c i e n t  

of InBi s i n g l e  c r y s t a l s  is highly an iso t rop ic  and t h a t  i r r e v e r s i b l e  changes 

i n  morphology can occur by thermal cycling. For t h i s  reason, i t  seems adequate 

t h a t  t h e  X-ray dens i ty  of 8.99 g/cm3 is a r e l i a ~ ~ l e  va lue  [17] f o r  InBi. 

A l s e  &own i n  Fig. 2 a r e  t h e  AV values  f o r  l i q u i d  In-Bi a l l o y s  a t  

300 O C  taken from reference [ l l ]  . The volume expansion upon a l l oy ing  i s  

contrary t o  t h e  s o l i d  a l l o y s  and ind i ca t e s  a tendency f o r  repuls ive  fo rces  

i n  t h e  l i q u i d  s t a t e .  This  volume expansion of t he  l i q u i d  a l l o y s  which is a l s o  

observed f o r  t he  systems In-Pb, In-Zn and Pb-Zn is a t t r i b u t e d  t o  an excess 

in entropy and enthalpy upon mixing [ I l l .  

The obvious propor t iona l i ty  of AV with t h e  B i  concentrat ion in s o l i d  

a l l oys  may lead  t o  t he  conclusion t h a t  t he  B i  atom i n  t he  a l l o y s  a c t s  with 

a constant  s p e c i f i c  volume which is d i f f e r e n t  from t h a t  in i ts  elemental 

form. A mean atomic volume of In  alld B i  f o r  t h e  conpounds can be ca l cu l a t ed  

from t h e  s p e c i f i c  volumes. Applying t h e  same procedure t o  t he  two-phase 

a l l oys ,  a pseudo- ttornic volume is obtained. The mean atomic volumes thus  com- 

puted f o r  a l l  a l l oys  a r e  p lo t t ed  i n  Fig. 3 z s  a funct ion of t h e  B i  concentra- 

t ion.  It can be  seen t h a t  up t o  a concentrat ion of 50 a t . % ,  t h e  mean atomic 

volume increases  l i n e a r l y  f o r  single-phase ard two-phase a l l oys .  A t  50 a t .%,  

t he  l i n e  shows a d i s t i n c t  break. Extrapolat ing t h e  da t a  t o  pure bismuth 
o 3 

leads t o  a mean atomic volume of 33.8 A which corresponds t o  a dens i ty  of 

10.27 g/cm3. Th! j ens i t y ,  however, is by 4.8% l a r g e r  than t h e  dens i ty  of 
o 3 

elemental B i  which has a mean atomic volume of 35.4 A . Could it be p o ~ s i b l e  

t h a t  t h e  B i  a c t s  i n  t he  a l l oys  a s  i f  i t  were assoc ia ted  with a d i f f e r e n t  

phase? 



Bismuth is known t o  exh ib i t  s eve ra l  +.igh-pressure modif icat ions [21,24] 

whose c r y s t a l  s t r u c t u r e s  a r e  of con t rove r s i a l  na ture  [21,22,23]. It is 

a l s o  found t h a t  these  B i  modifications a r e  m e t a l l i c  and become supercon- 

ducting a t  3.9 K ,  7.1 K, and 8.3 K f o r  B i I I ,  B i I I I ,  and B i V ,  r espec t ive ly  [21]. 

The f i r s t  modification of B i I / B i I I  occurs a t  25.6 kbar. I f  B i I I  were t o  be 

s t a b l e  a t  room temperature and ambient pressure,  i t  should have a dens i ty  

of 10.86 g/cm3 when using the  da ta  of Bridgman [24] f o r  ex t rapola t ion .  This  

value is r a the r  high f o r  our considerat ions.  

However, B i I  expands upon f reez ing  and has a 3.3% higher  dens i ty  i n  i t s  

l i q u i d  s t a t e  a t  the  melting temperature. Extrapolat ing t h e  dens i ty  of l i q u i d  

B i  t o  room temperature i n  a l i n e a r  fashion using t h e  da ta  of Predel  and 

Emam [ l l ]  r e s u l t s  i n  a value of 10.35 g/cm3 f o r  supercooled B i  a t  20 OC. 

" 3 This value corresponds t o  a mean atomic volume of 33.53 A which compares 

r a t h e r  favorably with t h e  dens i ty  i n  which B i  a c t s  i n  t h e  a l loys .  We can, 

therefore ,  hypothesize t h a t  t he  B i  is assoc ia ted  2n s o l i d  In-Bi a l l o y s  wi th  

a mean atomic volume whi :h is r a t h e r  c lose  t o  t h a t  f o r  l i q u i d  B i .  Since t h e  

inf luence of bismuth on t h e  t o t a l  dens i ty  of t he  a l l o y s  is purely add i t i ve  

regardless  of compound formation, t h e  d e n s i t i e s  of In-Bi a l l o y s  up t o  50 at.% 

may be  expressed by the  r e l a t i onsh ip  

where f is the  volume f r a c t i o n  of' bismuth i n  t h e  a l loy .  Again, a va lue  f o r  

p(Bi) = 10.27 g/cm3 has t o  be chosen i n  order  t o  f i t  t h e  data .  As can be  

shown, Eq. (2) gives  t h e  experimental d e n s i t i e s  with an e r r o r  of less than 

0.5%. Above a concentrat ion of 50 a t . % ,  i n  t h e  two-phase region InBi-Bi, 

t h e  elemental bismuth a c t s  with a dens i ty  of 9.80 g/cm3. The high p r e s s l r e  

In-Biphase which was shown (22,23) t o  e x i s t  in t h e  concentrat ion range 

between 55 and 80 a t .% B i  under a hydros t a t i c  p ressure  of 25 kbar  would 

probably a l s o  be located on the  extrapolated l i n e  of Fig. 3 when i t  were 

s t a b l e  a t  ambient pressure.  



It is of i n t e r e s t  t o  i nves t i ga t e  with which atomic volume the  B i  is 

represented i n  o ther  binary a l l o y  systems with non-transi t ion elements. 

I f  t h i s  were a general  behavior,  systems with t h e  occurrence of s o l i d  

so lu t ions  o r  compounds should ex t rapola te  t o  a s i m i l a r  atomic v o l u ~ ~ ~ e .  

Unfortunately,  most of t h e  a l l o y  systems of B i w i t h  t he  non-transi t ion 

elements a r e  e i t h e r  inso luble  o r  e u t e c t i c  i n  na ture  with very r e s t r i c t e d  

s o l u b i l i t i e s  [25]. The ava i l ab l e  mean atomic volumes from t h e  l i t e r a t u r e  

a r e  a l s o  p l o t t e d  i n  Figure 3. 

The only c lose ly  r e l a t e d  a l l oy  system is found i n  t he  T1-Bi phase dia- 

gram which shows an ex t r ao rd ina r i l y  l a rge  s o l u b i l i t y  of B i  i n  T1 and the  for-  

mation of t h e  i n t e r m e t a l l i c  phase T1Bi2. Using t h e  published l a t t i c e  con- 

s t a n t s  [26] t o  ca l cu l a t e  t he  mean atomic volume f o r  t h e  a l loys ,  a dens i ty  

f o r  Bi  of 10.27 g/cm3 can be  derived. However, t he  ava i l ab l e  X-ray da ta  

a r e  most inaccurate  and not  p l e n t i f u l  enough t o  support  t h i s  conclusion. 

Also given i n  Figure 3 a r e  t he  atomic volumes of t h e  Sn-Bi system 1271 which 

has  a very r e s t r i c t e d  Bi -so lubi l i ty  of only 13.1 at .% and is, therefore ,  

d i f f i c u l t  t o  extrapolate .  I n  addi t ion ,  da t a  of Pb-Bi a r e  given [28,29] and 

they do ex t r apo la t e  t o  an even smaller  atomic volume f o r  B i .  It has  been 

noted by Klement [29],  however, t h a t  a poss ib le  polymorphism of Pb may be  

present  i n  these  a l loys .  According t o  t he  l a t t i c e  parameters of t h e  s o l i d  

so lu t ion  system Sb-Bi [30], t h e  mean atomic volume changes l i n e a r l y  as 

expected betwcm 35.38 i3 f o r  B i  and 30.54 i3 f o r  Sb. It can be concluded 

t h a t  f o r  a l l  ava i l ab l e  binary systems with t h e  exception of Sb-Bi, t h e  

atomic volume f o r  B i  ex t rapola tes  t o  a value which is always smaller than 

t h a t  measured f o r  B i  i n  its elemental form. 



We have shown t h a t  t h e  dens i ty  i n  t h e  a l l o y  system In-Bi v a r i e s  

smoothly between t h e  values of t he  terminal elements. No peaks i n  t h e  

s p e c i f i c  volune a r e  observed a t  compositions corresponding t o  t he  com- 

pounds In2Bi, In5Bi3 and InBi. However, a volume cont rac t  ion does take  

p lace  upon compound formation. The dens i ty  da ta  can be explained i n  an 
o 3 

add i t i ve  f a s h i m ,  a t t r i b u t i n g  a mean atomic volume of 33.8 A t o  bismuth. 
r 

This  value represents  t he  atomic volume of B i  i n  its l i q u i d  s t a t e  a t  

room temperature. The same atomic volume could be found jn TI-Bi a l l oys ,  

however, more accura te  l a t t i c e  parameters a r e  needed t o  support t h e  

statement. 
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Figure 1: The dens i ty  of In-Bi a l l o y s  up t o  a Bi-concentration of 50 a t .%.  
A represen ta t ive  e r r o r  bar  is given fo r  the  e u t e c t i c  composition. 
The dashed l i n e  is a l i n e a r  i n t e rpo la t i on  between the  d e n s i t i e s  
of In  and B i .  

Figure 2: Excessive volume of In-Bi a l loys .  Experimental d a t a  po in t s  a r e  
f o r  t h e  ind iv idua l  samples. The curve for T = 300 " C  is taken 
from Ref. [ll] . 

Figure 3: b a n  atomic volumes of binary bismuth a l l o y s  with non-transi t ion 
elements. Besides In-Bi, the  da ta  a r e  computed from the  following 
sources: T1-Bi t L 6 ) ,  Sn-Bi (27) ,  Pb-Bi (28,29) ,  and Sb-Bi (30). 
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Time Dependent R e s i s t i v i t y  of In-Bi Eutect ic .* t  
GUENTHER H. OTTO, l&e U n i v e r s i t y o f  Alabama i n  Hutsvi1le.-- 
Upon cool ing of a s o l i d  In-Bi e u t e c t i c  (66.3 w.2) sample, 
the  compound In2B1 (6-phase) w i l l  b e  p r e c i p i t a t e d  from 
the  supersa tu ra ted  a-In phase which l e a d s  t o  a time-depen- 
dent r e s i s t i v i t y .  We have measured t h e  change i n  r e s i s t i v i t y  
i n  In-Bi e u t e c t i c  wires as a funct ion of time a f t e r  a change 
of temperature was introduced. The sample r e s i s t i v i t y  f o r  t h i s  
i sothermal  process  can be  c o r r e l a t e d  w i t h  t h e  nuc lea t ion  and 
growth of t h e  p a r t i c i p a t i n g  phases. The k i n e t i c s  of p r e c i p i t a -  
t i o n  leading t o  t h e  equi l ibr ium composition w i l l  be  discussed.  

*Submitted by PALMER N .  PETERS 
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Abstrcct  published i n  t h e  Bulletin of  t h e  American Physical  Soc ie ty ,  
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THE PRECIPITATION OF In2Bi FROM 3UPERSATURATED ((-PHASE* 

Guenther H. O t to  
Department of Physics 

The Univers i ty  of Alabama i n  H u n t s v i l l e  
Huntsv i l l e ,  Alabama 

Indium, having a f a c e  cen te red  t e t r a g o n a l  l a t t i c e ,  forms a s u b s t i t u -  
t i o n a l  s o l i d  s o l u t i o n  (*phase) wi th  bismuth where t h e  maximum s o l u b i l i t y  
is s t r o n g l y  temperature dependent. A t  temperatures  below t h e  s o l u b i l i t y  
limit, t h e  &phase becomes metas table ,  and t h e  B i  content  i n  t h e  s o l i d  
s o l u t i o n  can be reduced only  by incoherent  p r e c i p i t a t i o n  of t h e  i n t e r -  
n i a a l l i c  compound In2Bi. 

We have followed t h e  course  of t h e  i so the rmal  p r e c i p i t a t i o n  of t h e  
second phase by r e s i s t i v i t y  measurement cn a p o l y c r y s t a l l i n e  indium wire 
con ta in ing  8.8 a t .  % (15 w.%) bismuth. The c h a r a c t e r i s t i c  temperature a t  
which the  s o l u b i l i t y  l i m i t  is reached f o r  t h i s  composition was found t o  b e  
52 "C. The sample, wi th  t h e  e l e c t r i c a l  c o n t a c t s  a t t a c h e d ,  was annealed 
above t h e  c h a r a c t e r i s t i c  temperature u n t i l  a s t a b l e  r e s i s t i v i t y  reading was 
reached and then repea ted ly  quenched i n t o  a temperature-regulated wa te r  
ba th  of d i f f e r e n t  temperatures.  The observed time-dependent dec rease  i n  
r e s i s t i v i t y  is caused by t h e  nuc lea t ion  and growth of t h e  In2Bi phase. 
P l o t t i n g  t h e  f r a c t i o n a l  change of t h e  measured r e s i s t i v i t y  (PO - P ) /  
( P O  - P,) 5 AP a s  a func t ion  of time, t ,  (with P and P, be ing t h e  
r e s i s t i v i t y  a t  t = 0 and t = -, reepect ivr ly?  g i v e s  s igmoidal  curves  
i n  which Ap i n c r e a s e s  slowly a t  f i r s t ,  then much more r a p i d l y ,  and 
f i n a l l y  slowly again.  However, a l l  curves  can be  l i n e a r i z e d  up t o  
AP = 0.5 u t i l i z i n g  t h e  r e l a t i o n  Ap = 1 - exp ( -b tn) ,  which was f i r s t  pro- 
posed by Avrami. For t h i s  express ion ,  b is a measure f o r  t h e  r e a c t i o n  
v e l o c i t y ,  whereas n is governed by t h e  geometry of t h e  growing p a r t i c l e s .  
For t h e  m a t e r i a l  i n v e s t i g a t e d ,  t h e  va lue  of n v a r i e d  between four  and 
one, where t h e  i z t ~ e r  is obta ined a t  a  decomposition temperature  of  0 O C .  

* 
Supported by NASA-Marshall Space F l i g h t  Center 

Abs t rac t  publisiied i n  t h e  Journa l  of t h e  Alabama Academy of Science: 
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SUMMARY 

The synthesis of Nb,Sn, a hard superconductor, has been accomplished by 
the use of a converging shock wave arrangement. The irreversible phase formation 
for stoichiometric and non-stoichiometric powder mixtures was studied by changing 
the shock wave intensity. Evidence of compound formation was obtained by 
quantitative metallography, microhardness, X-ray diffraction, and superconductivity 
measurements. It is concluded that tin, due to its high compressibility and low 
specific heal, acts as the main source of heat while the use of powder materials 
favours ready achievement of the reaction temperature. The same procedure, when 
applied to the formation of the isostructural Nb3A1 phase, resulted in NbA1, instead. 

INTRODUCTION 

In the past 25 years, great strides have been made in the peaceful uses of 
high power chemical explosives, once of purely military significance. Materials 
technologies such as explosive forming, -bonding, and -metal powder compaction 
have been introduced. Furthermore, the investigation of shock effects in solids has 
proved to be a useful tool in solid state research1. This paper describes the use of 
shock waves in the syntllesis of intermetallic compounds. A brief account of the 
technique has been published elsewhere2. The chemical reaction is herein activated 
by the energy of a converging shock wave. The attributes of the technique are that 
it is relatively simple, that the process is completed in a span of micro-seconds, 
and that the sample is recovered in a practically pressure-temperature quenched 
state. Its transient nature afiords an opportunity to freeze-in metastable or non- 
equilibrium phases. 

The shock wave synthesis of Nb,Sn, a high field superconductor, was under- 
taken for several reasons. This compound is of commercial interest because of its 

* Supported by NASA Contract with Marshall Space Flight Center. 
** Present Address: 241 1 Fantasia Circle, Huntsville, Ala. 35805 (U.S.A.). 
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applicability in magnets, generators, or frictionless bearings. The characterization 
techniques for this compound are well developed. Equilibrium techniques such as 
casting, sintering, diffusion, sputtering, and vapor deposition are mainly used to 
fabricate this compound. According to the phase diagram3, Nb,Sn is formed by a 
peritectic reaction at 1980°C. Its high brittleness and the associated fabrication 
difficulties, however, limit its usefulness. 

The mzin objective of this work was to investigate the compound formation 
by shock waves and to understand the underlying reaction mechanism. 

EXPERIMENTAL DESCRIPTION 

Fine grain powders(-325 mesh) of niobium (99.9%) and tin (99.99%) were used 
as the starting materials. The powders were weighed to correspond to the chemical 
composition Nb, -,Sn, where x was varied between 0.2 and 0.65. Mechanically 
mixed composite powders were packed in a copper tube of 6.2 mm 0.d. and 0.8 mm 
wall thickness. A number of specimen tubes were evacuated to a pressure of 
1 x Torr and were sealed under vacuum by electron-beam welding. The 
samples with their ends either crimped or e.b. welded were inserted centrally into 
separate but identical cylindrical containers packed with nitroguanidine explosive 
of varying densities. Figure 1 shows the arrangement in schematic fashion. In 
order t o  ensure a homogeneous shcck wave formation across the entire sample 
length (10 cm), the top end of the sample and the detonator were kept 5 cm apart. 
The shock initiation was accomplished with an electrical detonator and tetryl 
booster cap positioned centrally on top of the col~tainer. A cone-shaped converging 
shock wave focussed on the symmetry axis of the set-up travels the entire length of 
the sample. As the ductile copper jacket collapses, the powdered material is sub- 
jected to an extensive compaction. Due to the chosen geometry, an increasing pressure 

Ends crimped 
and folded 

Detonator 

Explosive 

Cylindric01 metoi 
coslng 

Powder mixture 

I I I 
I 

Fig. 1. Schematic representation of the converging shock wave technique. 
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is generated toward the tenter of the sample. The ~ c a l l y  achieved relative com- 
paction and pressure determine the new state of energy on the Hugoniot curve. 
This state is also associated with a higher temperature. The magnitude of the tern- 
perature increase depends primarily on specific heat and compressibility ; small 
specific heat and large compressibility favor the achievement of high temperatures. 
Due to the high porosity of the powder mixtures, which results in a larger com- 
pressibility, an additional temperature increase is obtained4. In this work, the 
resultant shock pressure, and hence the temperature level in the sample, was further 
controlled by changing the density of the explosive charge. 

RESULTS 

It should be pointed out that we were mainly concerned with the residual 
shock effects, i.e., the irreversible phase formation from its constituents. Only 
qualitative arguments will 'be presented as to the reaction mechanism during the 
transient state. Evidence of phase formation was studied by quantitative metallo- 
graph y. rnicrohardness. X-ray diffraction. and measurements of the superconducting 
transition temperatures, The results are presented sys~ematically. the variable 
parameters being the explosive charge or the chemical composition. 

Scoic.hiomerric powiler composirion ( 3 N  h : ISn ) 
The polished cross sections of the shocked samples werc anodized to establish 

a visual phase separation by direrent interference colars, According to Picklesimeos, 
the colors for the intermetallic phases in the system Nb-Sn range from light blue for 
elemental niobium to red-brown for NbSn,. The intcrmetallic compound, Nb3Sn, 
is represented by a dark blue color. The micrographs in Fig. 2(a) and (b) are 
black-and-white reproductions of color photographs from a longitudinal and a 

Fig. 2. Section of a 3Nb : 1 Sn powder milcrurc cnplosircly shockcd wrrh a charge density of 0.55 g/cm3. 
(a) Longitudinal seclron ( x 60). [b) Trdnsvcrsc scction ( x W]. 
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transverse cross section of a sample submitted to a charge density of 0.55 g/cm3. 
A distinct zone of compound formation is observed in the core of the sample. 
The diameter of this reaction zone for a given charge density is uniform throughout 
the entire specimen length, as represented in Fig. 2(a). Investigation of samples 
submitted to progressively increasing charge density showed that a reaction zone 
appears only after a critical load is exceeded. Thereafter the diameter of the reaction 
zone increases as the shock pressure, and thereby the conserved energy of the shock 
wave increase. From observations of anodized specimens, an average diameter of 
the reaction zone has been plotted against the charge density in Fig. 3. 

Density of explosive (g/cm3) 

Fig. 3. Average diameter of the reaction zone from shocked 3Nb: 1Sn powders as a function of charge 
density. 

?'he reaction zone collsists predominantly of the Nb,Sn phase with some 
particles of unreacted tin and niobium. No evidence for the formation of Nb,Sn, 
or NbSn,, which are unstable3 above 930'32, was found. The newly formed Nb,Sn 
compound consists of interconnected particles of approximately 5 pm in diameter. 
The dejree of interparticle network formation is strongly dependent on explosive 
load and initial tin content 

Microhardness measurements were performed on a .umber of samples with 
a load of 50 g. The average hardness values in DPH are 140, 230, and 540 kp/mm2 
for niobium particles outside the reaction zone, inside the reaction zone, and the 
Nb,Sn phase. respectively. The almost fourfold increase in microhardness for the 
reaction product is evidentiy due to the form2tion of the compound. 

Since the transition temperature, T,, of t!~e equilibrium Nb,Sn phase is 18.0 K, 
which is much higher than those of Nb ( T ,  = 9.3 K) and Sn (T, = 3.7 K), super- 
conductivity measurements provided a sensitive means of detecting Nb,Sn phase 
formation. Resistivity as well as a.c. inductive methods were used to measure the 
transitions to superconductivity. Figure 4 shows normalized resistive transition 
curves of stoichiometric powder mixtures subjected to increasing shock pressures. 
On samples submitted to sub-critical loads, and thereby exhibiting no reaction 
zone, only the transition of the niobium is observed. The I- ?f the silocked niobium 
is lowered by 0.9 K compared with the unshocked powc Once the critical load 
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Temperature ( K )  

Fig. 4. Superconducting transition curves of shocked 3Nb: 1Sn powders subjected to diff~ '.At charge 
densities. 

is exceeded, the transition temperature is rapidly attained to a rnaximum of 16.4 K 
with an onset-temperature to superconductivity of 16.7 K. The samples shocked 
with non-optimum conditions show only partially connected Nb,Sn particles, 
allowing no continuous path for the supercurrent, and therefore the transition for the 
unreacted n'obium is also observed. 

The X-ray diffraction patterns of powders taken from different cross-sections 
ofthe specimen again confirmed the formation of Nb3Sn. The lattice parameter for the 
,415 phase was calculated to be 5.287k0.003 '4, which is in good agreement with 
published data6. The ( I  10) reflection, which is most order-sensitive in this structure7, 
could not be detected. This indicates that the compound is formed in a partially 
disordered state wherein the Nb sites in the lattice are occupied by Sn atoms and 
vice versa. 

The transition temperature measurement was repeated on samples that were 
vacuum sealed prior to the shocking process. Practically no difference in T,  was 
observed o n  samples that contained air pockets and those sealed under vacuum. 

Off-stoichiometric powder composition 
From the results of the previous section the optimum charge density needed 

for the formation of Nb,Sn is inferred to be 0.5 g/cm3. This experimental parameter 
was now kept constant so that the same shock pressure was applied on the copper 
jacket from sample to sample, whereas the composition of the composite powder 
was deliberately varied. The average diameter of the reaction area is plotted against 
the tin content in Fig. 5 which shows that the increase in tin content markedly 
expands the reaction zone. Microscopic examination of the anodized samples revealed 
the formation of the Nb,Sn phase in the core. However, with increase in the tin 
content, the interconnection of the Nb,Sn particles became less frequent and finally 
the individual particles were completely separated, resulting in the disappearance 
of the network formation. Figure 6 shows that T, is essentially independent of the 
composition change up to 40 at.% tin. With higher Sn content, the Nb,Sn lattice 
becomes unstable, associated with a rapid drop in the transition temperature. This 
behavior is in agreement with T, measurements on as-cast samples, a s  reported by 
Kunz and Saur8. 
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Nb Tin content (At .%) 

I 

N b Tin content (At.%) 

Fig. 5 ,  Average diametcr of the reaction zone aeainst [in content. 

Fig. 6. Transition temperatures of samples in dependence of tin contenl. 

Shock compaction of ternary cnrnposire powd~rs 
An attempt was made to synthesize the isostructural high 7, compound 

Nb,AI by the same technique starting from a stoichiometric powder mixture. A 

Fig. 7. Section of rhe retrt ton zone or a 3Nb : 1AI powder mixture shocked with a charge dcnsity or 
0.5 dcm! Reproduction OF a color photograph lrom an anodized surface. ( x 100) 

Fig. 8. Transition temperatures as well as the averag diameters or rtacrion zone in Nb3(Snl -,At,) 
samples. 
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reaction zone with uniform microstructure yielding an average microhardness of 
500 kp/mm2 in comparison to a reading of 200 kp/mm2 outside this area was 
observed. A black-and-white reproduction of a color photomicrograph obtained 
on an anodized specimen is shown in Fig. 7 and demonstrates the presence of at least 
one new phase. The T,  measurements, on the other hand, gave a value of 8.4 K 
which can be attributed to the transition temperature of the shocked niobium itself. 
The Debye-Scherrer X-ray data of the core material revealed no Nb,Al with the 
A15 structure. Using the characteristic data published by Brauerg, all reflection 
lines could however be indexed to the intermetallic compound NbAl, with body- 
centered tetragonal structure and a melting temperature1 ' of 1605°C. 

In order to resolve this question, an approach involving a ternary powder 
composition was adopted, the Sn atoms being gradually substituted by A1 atoms 
in the compound Nb,Sn-a phase which readily forms by shock waves. The initial 
powder composition corresponded to the formula Nb3(Snl _.Al,). Figure 8 is a plot of 
T, and the average diameter of the reaction zone against the A1 content in Nb3Sn. 
The experimental conditions were adjusted to keep the shock parameters unchanged 
and optimum in regard to the formation of Nb3Sn. The extent of the reaction zone 
does not display any appreciable dependence on the degree of Sn substitution. The 
transition temperature decreases markedly as the A1 content in the sample increases 
-an effect which is also observed on cast  specimen^^^. However, no rise in T,  
occurs as  the composition of Nb,Al is approached. This might be caused by the 
severe quenching rate which suppresses the formati~n of the A15 lattice. 

DISCUSSION 

Our results show that the technique leads to the formation of a bulk quantity 
of the Nb3Sn phase, the yield under optimum shock conditions being as high as 
80% within the reaction zone. Since the shock-synthesized Nb3Sn was formed under 
high pressure during the time interval in which the shock wave passed through the 
reaction zone, some properties are expected to be different from those of Nb,Sn 
prepared under equilibrium conditions. The lattice parameter of a=5.287 A is 
somewhat smaller than that reported6,' for stoichiometric NbjSn of 5.290 A. This 
difference can be accounted for by the fact that the shock-synthesized compound is 
slightly off-stoichiometric composition though still within the range of homo- 
geneity. 

The transition temperature of the shock-synthesized Nb3Sn is lower by 1.3 K 
than that reported8 for cast and subsequently annealed material. This reduction in 
T, may be caused by the severe quenching thc compound experiences after passage 
of the shock wave. A similar reduction in T,  has been observed by Matthias et 
a1.13 on s ~ l a t  cooled Nb3Sn (cooling rate lo6 degls). The process of quenching 
freezes-in the high degree of atomic disorder which is present at the temperature of 
formation. The degree of disorder is such that Nb sites in the A 15 lattice are occupied 
by Sn atoms and vice versa, which shows up in the missing order-sensitive (1 10) 
X-ray reflection as well as in the reduction of the superconducting transition tempera- 
ture. The degree of atomic order could be subsequently improved by annealing of 
the shocked material at temperatures around 800°C; however, th,: additional forma- 
tion of Nb,Sn from unreacted Nb and Sn by a diffusion process cannot then be 
avoided. 
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The temperature pulse induced in a material by a shock wave is specified in 
the following way: when a shock wave travels through a solid material, the matter 
is severely compressed (in an isentropic process) and the atoms are accelerated 
in the direction of the velocity vector of the shock wave. The local pressure, and 
the relative compaction of the material thereby generated, determine the new state 
of internal energy on the Hugoniot equation of state curve and the resultant tem- 
peratureL4. After the passage of the shock wave the pressure is released to ambient 
conditions by an adiabatic expansion. Since the entropy in this process is not 
conserved there will be residual heat left in the material. It is generally impossible to 
measure the temperature of the material behind the shock wave, but this quantity can 
be calculated for a number of elements for which the Hugoniot equation of state 
has been measured' '. 

1 ° ' - 7 % 7 & -  0 
Shock pressure (kbor) 

Fig. 9. Calculated temperature-pressure diagram for bulk and porous metals (after McQueen et a/."). 

Figure 9 shows calculated temperatures for bulk Nb, Sn, and A1 along 
the Hugoniot curve during compression, published by McQueen and co-work- 
ers15*16. It is seen that, for the same pressure, the temperature increase'for tin is 
considerably higher than that for niobium, because of the higher compressibility 
and lower specific heat of Sn compared with Nb. We infer that, in order to initiate 
the reaction of the components, the necessary temperature is generated by the com- 
paction of tin rather than of niobium. If, on the other hand, porous materials are 
used, the compressibility is considerably higher, and the same temperature is readily 
achieved under a lo'wer shock pressure. This iS demonstrated by the curves for 
materials of different porosities shown in Fig. 9. The temperatures are calculated 
for a porosity of 40% and 20%, which is a representative range for the used pcwders. 
The additionai tenperature increase of the shocked, porous material over the 
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shocked, non-porous material is assumed4 to be proportional to the locally 
achieved pressure and to the difference in the initial specific volume of the porous 
and non-porous materials. 

The diameter of the reaction zone is found to depend on the charge density. 
It reflects that the detonation pressure at the explosive-sample (copper) interface 
ckn be varied by packing the explosive with different densities. The diameter of 
the reaction zone also depends on the tin content (Fig. 5),  while the charge density 
and the shock wave configuration were kept constant. This is caused by the dis- 
sipation of the heat in the varylng amount of niobium. If the amount of tin is gradually 
replaced by aluminum under the same experimental conditicns, the temperature 
distribution in the sample during passage of the shock wave is only slightly changed 
and the average diameter of the reaction area decreases slightly as shown in Fig. 8. 

The shock pressure at the nitroguanidineJcopper interface is estimated1' 
to lie between 200 and 250 kbar, depending on the packing density of the explosive. 
The cone-shaped converging shock wave used here compensates for all losses in 
its energy which may be caused by reflection at the various interfaces or by the 
process of melting after entering the sample. It is therefore assumed that the reaction 
of the two components occurs only when the required temperature for the peritectic 
reaction is reached. At these pressures the tin will be in a molten state (225 kbar 
being the incipient melting pressure1') whereas the niobium is still solid. Under 
these conditions the Nb will be dissolved in liquid tin and as the peritectic tempera-, 
ture is reached the solid Nb,Sn phase forms, with its subsequent rapid build-up. 
This reaction mechanism is supported by the observation that the unreacted Nb 
particles are surrounded by the Nb,Sn phase which show a tendency to break 
away from the niobium and form a granular, interconnectzd particle network. The 
transient nature of the process precludes the formation of a-Nb solid solution which 
would require a sluggish solid state diffusion. At higher than stoichiometric tin 
content, the Nb,Sn phase again forms but then becomes increasingly isolat~ 1 
rhrough the medium of unreacted and excess  ti^. 

The Nb,AI phase should also form by a peritectic reaction1' at 1960°C 
but the phase diagram in this case (above 1000°C) is much more complex than that 
of Nb-Sn due to the presence of two more intermetallic phases. In addition, it can 
be expected that A1 does not melt at shock pressures between 200 and 300 kbar, for 
which process a shock pressure in excess of 600 kbar is needed19. The X-ray data 
show that the process of shock wave synthesis in this case evidently favors the 
formation of the NbAl, phase over the intended Nb,AI phase. The cause may 
again be :he high quc.lching rate of the shock wave synthesizing process. 
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